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Temperature and Structure Dependence of the
Flexural Strength and Modulus of Freshwater Model Ice

ANTHONY J. 00W, HERBERT T. UEDA,
JOHN W. GOVONI AND JOHN KALAFUT

INTRODUCTION exhibiting vertical or near-vertical c-axes, so-
called Si ice as defined by Michel and Ramseier

Previous investigations by 0ow et al. (1978) of (1971), and 2) ice sheets composed predominantly
the flexural strength of larg%. beams of lake ice of vertically elongated crystals exhibiting mainly
have indicated that the strength of the ice aepends horizontally oriented c-axes, so-called S2 or co-
appreciably on its crystalline composition and lumnar ice. This strong relationship of the size and
temperature. This work, carried out mainly on SI shape of ice crystals to lattice orientation Is an out-
ice sheets composed of macrocrystalline ice, over- standing example of orientation texture in a natu-
lain by fine-grained snow ice, showed two things. ral setting and is discussed in greater detail in low
First, that simply supported beams yielded much (1986).
higher flexural strengths than the same beams test- According to some researchers (e.g., Cherepan-
ed in the cantilever mode (this behavior was attrib- ov and Kamyshnikova 1973), the thermal regime
uted to the existence of sizable stress -;oncentra- of the water as it Is about to freeze is the critical
tions at the sharp-cornered roots c' cantilever determinant of orientation texture. According to
beams; only in isothermal, structurally degraded Cherepanov (as cited in Lavrov 1971), S Ice is
ice did this effect disappear). Second, fine-grained formed when the temperature of the water be-
ice at the top of the ice sheet reacted more strongly neath it is close to 40C. However, if all the water is
in tension than coarser-grained ice at the bottom, cooled to O0C, S2 type ice is formed. Apart from
The ratio of strength for the top in tension to that Lavrov's own experiments, indicating that seeding
for the bottom in tension occasionally exceeded or not seeding the water immediately prior to
2.0, but averaged between 1.2 and 1.6, depending freezing might be just as important as the temper-
on the temperature of the ice sheet. This work on ature regime of the water, little if any systematic
large ice beams has now been extended to studies attempt has been made to determine, experimen-
of freshwater model ice under laboratory-con- tally, what the precise nature of the mechanisms
trolled conditions using a combination of cantilev- are that control orientation texture in quietly fro-
er and simply supported beams to ascertain the de- zen water.
pendence of the flexural behavior of the ice on its
crystalline structure and temperature.

Several years of observations of the crystalline TEST TANK SIMULATION
structure of ice sheets forming on a number of
New England lakes indicate that only two major As a prelude to beam testing of freshwater mod-
types of congelation ice are formed during quiet M ice, a series of experiments was conducted In a
freezing of lake water.* These are 1) ice sheets refrigerated test tank at CRREL to evaluate both
composed of massive, irregularly shaped crystals the effects of seeding of the water and its thermal

condition on the orientation texture of ice sheets.
The tank measured 7 by 7 m and was filled with

Lake ice sheets are composed typically of two maJor compor- water to a depth of 1.2 m. The water contained the
ents, snow ice and lake ice. Snow Ice forms by freezing of same concentrations of dissolved solids (4-8
water-soaked skiow on top of an existing ice sheet, wh•,reas iake
ice per se is formed by direct freeziag of lake water to the mS/m) as found in local lakes. A circulating pump
underuide of an ice sheet. The latter ice type Is usually referred installed in the bottom of the tank was used to
to as congelation ice. cool the water column uniformly to any tempera-
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ture bsow 4°C, the temperature of maximum Water that was spray-seeded prior to freexingin
density of fresh water. Water temperatures were tht tank invariably produced $2 type ice, that is,
measured to an accuracy of *0.2"C with the aid columnar textured ice with substantially horizon.
of two thermocouple strings located near the edge tal c-axes. Furthermore, this orientation texture
and at the center of the tank respectively. As soon always developed regardless of the thermal rondi-
as the desired isothermal temperature between 4 tion of the water column prior to seeding. We
and 0*C had been achlev•d, the pump was turned found the intensity of seeding to exercise some
off and the air temperature of the tank lowered to control on crystal size initially-the more intense
-200C to promote freezing. Freezing was initiated the seeding the finer grained the ice at the top of
either by spray-seeding the surface of the water the ice sheet. However, the thermal regime of the
with frozen droplets (using a high-pressure nozzle water column, whatever its temperature between 4
directed at the ceiling of the tank) or by allowing and 0"C, appeared to exercise little if any effect on
surface crystallization to nucleate spontaneously. crystal size at any stage of growth of an ice sheet.
Crystalline texture and orientation were moni- In all, seeded ice sheets, the mean crystal M-sec-
tored at regular intervals during the growth of an tional diameter increased progressively with in-
ice sheet, mainly through examination of thin sec- creasing thickness from about 1-2 mm, just below
tions using a microtome technique similar to that the seeded ice layer, to 6-7 mm at the bottom of
used for lake ie (0ow 1986), sea ice (0ow and a•n 11-cm-thick ice sheet.
Weeks 1977) and urea-doped ice (0ow 1984) used' We observed that unseeded or spontaneously
in simulation studies of sea ice. nucleated ice growth1, without exception, pro-

ab
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18C:M.J Figure 1. Vertical thin sections of crystal

structure in naturally frozen take ice (a

and b) and in model freshwater ice grown
in the refrigerated tank at CRREL (c andd). in the experimentally seeded ice (c), the
crystals are characteristically columnar and

M possess substantially horizontal c-axis (Ch) ori-
0 entations. In unseeded ice (d), massively sized
D crytals with a dominant vertical c-axis lv) or-
E ientation are typical: most crystals also exhibit
L a str.'ated appearance. Ch type crystals may oc-

.. cur at thr top of unseeded ice sheets but are us-
ually eliminated rapidly by Cv type crystals.
These two ice types, produced by the si'rpleh expedient of seeding or not seeding the water

8.5 cm before freezing it, can be seen to correspnd
very closely with the two major ice crystal tex-
tures observed in lake ice.9.t CM
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Figure 2. Typical ice growth curves for sheets grown in

the CRREL tank. A Vi growth rt• wo i6-"8 mm/dey
and am oWk.Ior embrnt air tomenwtvatw qf -20"C.

duced macrocystalline SI ice dominated by crys- ensure rejection of virtually all dissolved air at the
tals exhib!ting vertical or nw-vertical c-axes. In ice/water Interface. The lack of air bubbles is also

bottom ice (ice sheet growth in the tank was usual- reflected in density meassirements. These rarely
ly terminated after 9-12 cm of thickness was at- yielded values less than 0.913 Ml/r/m, equivalent
tained), the cross-sectional diametms of individual to porosities of less than 0.5%. Representative ice
crystals in SI type ice often exceeded the lateral di- growth cmrves are presented in Figure 2.

mensions of the thin sections, which measured I0 Our successful fabrication of S2 and SI ice in
by 10 cm. As with seeded ice sheets, the thermal the tank at CXREL-by the simple expedient of

regime of the water column seemed to exert no sig- seeding or not seeding the water prior to freez-
aificant influence on the texture or orientation of ing-gave us added confidence in using these ice
crystals in SI type macrocrystalline ice. Full de- sheets as realistic analogues of congelation ice for

tails of these and other factors affecting orienta- mechanical properties testing. This testing, involv-

tion textures in qaiedly frozen water are reported ing measurements of flexural strength and strain

in Gow (1986). modulus of small beams as a function of both the
As demonstrited in Figure 1, the highly con- temperature and orientation texture of the Ice, was

trasted structural characteristics of SI and S2 ice begun in February 1983 and completed in Novem-
grown in the test tank corresponded very closely ber of the same year. Preliminary results of these
with those observed in congelation lake ice. In sev- measurements are presented in Gow and Ueda
eral of the ice sheets, structure was examined at a (1984).
number of widely spaced locations, mainly to de-
termine if a particular orientation texture was be-
ing maintained over the entire ice sheet. No signif- GROWTH CHARACTERISTICS OF
icant deviations in structure were observed, indi- EXPERIMENTAL ICE SHEETS
cating that the tank was la'ge enough to promote
growth of ice sheets that were substantially free of Both S 1 (unseeded macrocrystalline) and S2
edge effects. This is important when considering (seeded columnar) type ice sheets were investigat-
use of such a tank to grow uniformly textured ice ed in the current series of small beam tests. Eight
sheets for mechanical properties testing. Another ice sheets (five seeded, two unseeded and one corn-
feature of ice grown in the tank was the general posed of seeded and unseeded portions) were
absence of air bubbles. Apparently, the rate of grown in the tank. Three of these ice sheets were
freezing was sufficiently slow (30-40 mm/day) to dedicated to the investigation of stress concentra-

3
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6.3 cm

10.8 cm b

FAgv 3. Yertial and torlzontal thin sections of seeded columnar s2 ke sttmctrw at dlffenmt staps

of growth in ice sheet 1, photographed between crossed pliaroidr to delineate the outlines of individ-
ual crystals. Sc* uabdWslons in phOtog~le of hoi atd thi sections of this Wd u4uent stmcemlfi-
un minreen 1 neim. Note the WrY subfwuidnfi increas in sine of crystL kntwen the top and the botton, of the
ke sheet, a my chNrfc tffeewv of cohmmw Ie growth.

tion effects at the roots of cantilever beams. Brief ary, on columnar-textured ice approximately I I
descriptions of the growth characteristics and cm thick, and was completed on 7 March. The to-
structure of the individual ice sheets, together with tal number of beams tested was 38. Results of flex.
some pertinent remarks concerning the beam tests ural strength and strain modulus measurements
themselves, are given below, are fully tabulated in Appendix A. Examples of

the crystalline structure of this S2 type ice sheet
Ice sheet I are shown in Figure 3.

This ice sheet was seeded on 22 February 1983,
with the water in the tank cooled isothermally to ice s$eet 2
1.5*C. During the period of 23-28 February, the Water in the tank was cooled isothermally to
air temperature above the tank (initially set at 1.7°( prior to seeding on 25 March 1983. Testing
-20*C to promote rapid initial freezing) was mod- was begun on 28 March and completed on 4 April,
erated to slow down ice growth. This resulted in by which time a total of 128 beams had been test-
no change in the texture or orientation of crystals ed. Vertical and horizontal structure sections of
in the ice sheet, which remained thoroughly bubble-free S2 type ice characterizing this particu-
transparent (bubble-free) throughout its entire lar ice sheet are presented in Figure 4. Results of
thickness. Beam testing was begun on 28 Febru- beam measurements are fully tabulated in Appen-

4
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Fture 4. Vertical and horigontal thin sections of eeded (SM) columnar ike from two different loca-
tions on ice sheet 2. 7Me crjstd stnciwws f both eve esent , kidentkel.

dix A. During testing we noted that simply sup- April. This series of tests demonstrated, appent-

ported beams tested in parallel with cantilever ly for the first time, that SI type ice was apprecia-
beams tended to yield off-center breaks, especially bly stronger in the cantilever mode than S2 type
at the lowest ambient test temperatures. This be- ice for both top and bottom in tension tests. Such

j;. havior sippears to be related to a temperature a difference in behavior between the two types is
gradient effect since beams allowed to equilibrate attributed to a change in failure mechanism, linked

to the ambient air temperature before testing (iso- to the existence of large crystals having vettical

thermal beams) only occasionally exhibited off. c-axes in SI ice, where the failure plane, on the

center failures. order of 100 cmz in most tests, may intersect only
one or two crystals. In S2 Ice the vertical failure

lee sheet 3 plane rarely intersected less than 20 crystals. Total

SIn this instance the water (previously cooled iso- number of beams tested was 143. Appendix A
thermally to 2.0°C) was allowed to nucleate spon- contains a full tubulation of data. Representative

taneously without seeding. Ice growth was initiat- structure sections are presented in Figure 5.
ed on 6 April 1983 and yielded an Si type, bubble-
free, macrocrystalline ice sheet. Actual testing of lee sheet 4
beams began on 9 April and was terminated on 14 This ice sheet was seeded on 22 April 1983 after

5
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8.4 cm

9.3 cm -- I

Figure 5. Vertical and horizontal thin sections of unseeded macrocrystal-
line S1 ice from two different locations on ice sheet 3. "'Striations" within
crystals in vertical sections and the "'feathered" substructure of crystals in hori-
zontal sections are typical of S1 type ice. Both features are simovy optical mani-
festations of very minor offsets of the crystal lattice orientation.

the water in the tank had been cooled uniformly to 2.5 °C and the surface then allowed to nucleate
a temperature of 0.5 °C. Beam testing was con- spontaneously without external seeding on 13 May
ducted during the period 25 April-5 May. Investi- 1983. Beam testing was begun on 18 May and
gations of this bubble-free ice sheet included ex- completed by 23 May. The total number of beams
periments with changing the beam dimensions, in- tested was 115 and data on the dimensions, flexur-
cluding increasing the width by 60% with respect al stength and strain modulus are included in Ap-
to the thickness, and with varying the length-to- pendix A. Structure sections demonstrating the
thickness ratio from 7:1 to 10:1. No significant macrocrystalline, bubble-free nature of this S1
changes in the flexural strength of the ice were ob- type ice sheet are shown in Figure 7.
served as a result of either of these changes in
beam dimensions. The total number of beams test- Ice sheet 6
ed was 114. Vertical and horizontal structure sec- This was a two-part sheet consisting of seeded
tions from two different parts of the ice sheet are and unseeded portions. On 3 June 1983, after cir-
shown in Figure 6. Data sets tor the several bat- culating the water to an isothermal temperature of
teries of tests are tabulated in Appendix A. 0.8°C, we cove "ed half of the tank with a plastic

sheet while the other half was seeded to initiate

Ice sheet 5 growth of S2, columnar-textured ice. As soon as
The tank water was cooled isothermally to seeding was completed the plastic sheet was re-

6
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Figure 6. Vertical and hori
zontal thin section structureI I of crystals in seeded S2 type

• !•:.iiice in ice sheet 4.

* 9.6 cm
Figure 7. Vertical and horizontal
thin section structure in unseeded
"macrocrystailine Si type ice in ice
sheet 5. Note the very large size of
crystals at the bottom of section B, ac-
tually approaching a single crystal con-
dition for beams tested with bottom in
tension.

7
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9.8 CM
Figure 8. Vertical thin section from ice sheet 6 showing the

transition between seeded (S2) and unseeded (Si) ice types.

B

10.7 cm

Figure 9. Vertical and horizontal
thin sections from seeded and un-
seeded parts of ice sheet 6.
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moved and the unseeded water allowed to nucleate made on stress riser effects at the fixed ends of
spontaneously. This composite bubble-free ice cantilever beams. A total of 61 beams was tested
sheet was the first of three ice sheets to be used to before tests were concluded on 14 July. Full data
evaluate stress concentration effects at the roots of sets are included in Appendix A. Typical examples
sharp-cornered cantilever beams. These tests in- of the columnar-textured, bubble-free structure of
volved the drilling of 10- and 20-cm-diameter this ice sheet are shown in Figure 10.
stress relief holes at the fixed ends of the beams.

* .Tests were begun on 6 June and completed 9 June. Ice sheet 8
A total of 53 beams was tested. Detailed data for Water in the tank was cooled uniformly ZO
all tests are presented in Appendix A. A vertical 2.2 0C prior to seeding on 4 November 1983. Tests

*structure section ftom the S I-S2 transition region were again focused on evaluating stress concentra-
is shown in Figure 8. Representative sections of Sl tion effects at the fixed corners of cantilever
and S2 type ice are presented in Figure 9. beams: 78 viable beam tests were conducted dur-

Ice heeting the period 7 to 9 November. Full data sets are
Ice seet 7given in Appendix A. Representative thin section

A seeded ice sheet was produced from water photographs of crystal structure in this bubble-
cooled uniformly to 3.00 C prior to freezing on 8 free ice sheet are shown in Figure 11.
July 1983. Beginning 11 July, further tests were

* 7.3 cm

Figure 10. Vertical and horizontal thin sections taken at dif-
* ferent stages of growth of ice sheet 7 (seeded).

9
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19"

10.6 cr, a 4

Figure 11. Vertical and horizontal thin sections oj seeded columnar 82 type ice from two
different locations on ice sheet &

NATURE OF TESTING PROGRAM included 312 cantilever tests, 166 beams tested in
the simple support mode in parallel with the canti-

Testing entailed measurements, initially, on liver beams and simple support tests of 252 iso-
cantilever beams that were divided into two thermal beams.
grý,ups: those tested in parallel with the cantilever The intrinsic value of cantilever beam tests is
t-eams (these measurements were performed in that they tre carried out in situ and are relatively
three-point loading immediately following the easy to do. Because such tests take account of any
cantilever tests to ensure that temperature profiles effect of temperature gradients* in an ice sheet,
in the ice remained the same for both kinds of they also furnish direct measurements of the flex-
beam tests), and those beams that were allowed to ural strength of the ice, provided due considera-
equilibrate to the ambient air temperature to facil-
itate testing of isothermal beams. Measurements *In in-situ tests of this kind, the ultimate strength of the ice
were conducted at ambient air temperatures of - 1, sheet must be related in some degree to temperature gradients
-5, -10 and -190 C on a total of 730 beams.* These resulting from differences in temperature between the top of

the ice sheet and the bottom, which must necessarily be at OOC.
For example, at an ambient air temperature of -190C in ice

*The number of beams actually prepared exceeded 800 but be- 10-12 cm thick, the temperature gradient effect should be a sig-
cause of accidental breakage, instrument malfunctions, etc., nificant factor in determining the precise manner of tensile fail-
useful data were obtained on 730 beams only. ure, and hence, the flexural strength of the ice.
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tion is given to possible stress concentration cf- was used to cut to a depth of about three quarters
fects at the fixed ends of cantilever beams. Testing of the ice thickness, a coarse-toothed timber saw
the same beams in the simple support mode should then being used to cut the remaining quarter.
suppress any stress riser effects. Accordingly, dif-
ferences in flexural strength between cantilever Caitlerver brim breaker
beams and the same beams tested in the simply The cantilever beam breaker (Fig. 13) consisted
supported mode should at least indicate the extent basically of a manually operated screwjack with a
of the stress concentration effect %t the root of the threa0ed rod of 1.6 mm (0.063 in.) pitch pushing
cantilever beams, a major consideration of results on a spring-loaded plunger. The plunger was fitted
presented in this report. The main purpose of with an Interface Model SM-100, 443-N (1O0-lb)
measuring the flexural strengths of isothermal capacity load cell, to which a C-shaped member
beams of SI and S2 ice was to evaluate the effectv -was attached and loosely clamped to the free end
of grain size and crystal orientation changes as a of the cantilever beam. With this device cantilever
function of ice temperature. Additionally, results beams could be tested in either the pull-up (bot-
of these tests on isothermal beams and those ob- tom in tension) or push-down (top in tension)
tained on simply supported beams, tested in paral- modes. The screwjack assembly was attached to a
lel with cantilever beams, were used to assess tem- frame that could be clamped firmly to one of a
perature gradient effects. pair of henvy 31-cm (12-in.) I-beams spanning the

center of the tank. The tank was large enough to
allow about 40 beams to be cut and tested on each

EXPERIMENTAL TECHNIQUES side of the I-beams. Temperatures at the tops of
beams were measured with either dial stem ther-

Beam preparation mometers accurate to -0.50C, or mercury ther-
After scribing the desired beam arrangement on mometers with a measurement precision of-0.2 *C.

the ice surface with a chisel, we used a small elec- Bottom ice, naturally, remained at 00 C. A
tric circular saw, capable of cutting ice 12 cm Schaevitz LVDT (Linear Variable Differential
thick, to prepare beams with straight parallel and Transformer) with a sensitivity of 3.2 V/mm was
vertical sides (Fig. 12). In practice the circular saw used to measure beam tip deflections. The measur-

Figure 12. Technique used to prepare ice beams with straight ver-
tical and parallel sides. In this instance beams are being prepared for
in-situ cantilever testing, followed by testing in the simple support mode.

11
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Figure 13. Experimental setup for measuring flex- Figure 14. Closeup of beam deflection measuring
ural strengths and strairs moduli of cantilever device. Device is moved to the free end of the beam im-
beams. This apparatus, clamped firmly to the I-beam mediately before testing. Deflections are measured rela-
spanning the tank, permits testing in both the push- tive to the uncut ice adjoining the cantilever beam.
down and pull-up modes.

ing device is shown being positioned in Figure 14. Flexural strength, S, and strain modulus, E,
Measurements were made relative to the uncut, were calculated from simple elastic beam theory
adjoining ice. using the equations:

The design of the beam,, breaker permitted the
rate of beam loading to be controlled readily by _ 6PL
the operator cranking the handle of the screw- wh2

jack. The majority of beams were loaded to fail-
ure in less than 1 second (the time from load take- and
up to failure). Signals from the load cell and
LVDT were transmitted to a Vishay BA-4 signal E=w ] - (2)
conditioner and recorded versus time on a two- w d
channel Gould-Brush 222 strip chart recorder. A
typical example of data output is shown in Figure where P = failure load
15. L = length of the beam from point of fail-

Cantilever beam lengths averaged 105-110 cm ure to the point of load application
and the ratio of length to width to thickness aver- w = width measured at the failure plane
aged 10:1:1. Measurements in which this ratio was h = thickness measured at the failure plane
changed to 7:1:1 in one battery of tests, and to d = beam tip deflection at failure.
10:1.6:1 in another, yielded no significant changes
in calculated values of either the flexural strength The calculated values of flexural strength and
or strain modulus. strain modulus are estimated to be accurate to

12



of' departures from an isotropic, homogeneous
mtdium-for instance, grain size variations and
crystal orientation changes in the ice. Since the

S ~measurement techniques closely folluwecl the
guidelines recommended by Schwarz et al. (1981)
for small beam testing per se, the data obtained in
the current series of tests are considered to repre-
sent reasonable index values of the flexural char-
acteristics of freshwater model conge'ation ice
sheets grown in the CRREL tank.

Broaker for simply mupporked boomm
This device (Fig. 16) consisted of an I-beam

main frame with two cylindrical reaction bans that
Figure 15 Load-time and deflection-time recor& could accommodate beams between 71 and 102 cm
for cantilever beam 21 from ice sheet 2 tested with long. A three-point* loading arrangement -Ws
bottom in tension. Time to failure was 0.45 secondr. used in which force was applied to the center of

the beam by means of a manually operated worm-
gear screwjack, having a 4450-N (1000-1b) capac-
ity, and attached to the midpoint of the main

± 4%. However, these values are necessarily sub-
ject to certain assumptions implicit in the formula- *Fou-point ioading is genemaiy advoated on the assunmpton
tion of eq I and 2. These assumptions, particularly that such an ammmang nt elhanamtes the shear stutme in fth
those concerning the homogeneity and isotropic length of barn between the aPpOWe loads, aOd tha fth eW&l
condition of the material being tested, are rarely mum moment occurs along thel k h of beamh enwthe ap-

plie oads and not at a singl point. Howeme, iaco and
sztisfied in either natural or laboratory-grown ice Ftdrkf Cjg), in taut on slriia freshwater ce sheets oh-

set.Indeed, a major aint of the present work snovso sgnfincan ifess n st Uvatom twthr e a-M
was to assess the effect, on flexural characteristics, four-point loading arrpangmets.

Figure 16. Breaker for simply supported beams, with deflection de-
vice in place, in readiness for test. Breaker is designed for three-point
loading and can accommodate beams 7) to 102 cm long with width and
thickness dimensions of up to 14 cm.

13



those for eq I and 2. In the case of simply support-
ed beams, L is the distance between the two end
supports (beam span) and d is the mid-point de-
flection at failure. The weight of the beam was al-
so taken into account when we calculated its flex-
ural strength and strain modulus, the values of
which are estimated to be accurate to * 5%. Peri-
odic measuremems of temperatures at the tops

"-_ ýand bottoms of beams were made with mercury
: .thermometers having a measurement precision of

dn~ll~hm 0.2oC.

flure 17. Load-time and deflection- RESULTS AND DISCUSSION

time records for simply supported Caalwr beas
beam 8 from tee sheet 3 tested with

Detailed results for all beams tested in the cur-
top in tension. Tnse to failure was 0.7 rent series of measurements are included in Ap-

pendix A. Averaged values for individual ice
sheets are listed In Table I (flexural strength) and

frame, which itself was clamped firmly to a 31-cm Table 2 (strain modulus). Weighted avenraes of
I-beam spanning the center of the tank. Force was flexural strength and strain modulus for both SI
distributed across the width of the beam through a and S2 ice sheets at the four test ambient air tem-
transverse bar. A 2230-N (300-1b) capacity Inter- peratumes are also included in Tables I and 2 and
face Model SM-500 load cell located between the these data are plotted In Figures 18 and 19 respec-
screwjack and distribujion bar was used to sense tively.
the load. One turn of the screwjack provided 1.27
mm of vertical displacement. With this setup, time Conventional cantilever beam tests
to failure from initial takeup of the load required Results of conventional cantilever beam tests on
less than 1 second. Center deflections were mea- 52 ice (Fig. 18) show only a weak dependence of
sured with the same LVDT that we used for the strength on surfacettemperatures for beams tested
cantilever beams. The LVDT was attached to a with the top in tension, fl:xural strengths increas-
bar, supported by two legs resting on the beam di- ing from about 700 kPa at -A °C to only about 900
reetly above each reaction point; it was located
slightly to the side of the transverse bar so as not
to interfere with the loading mechanism. 1600-

As with the cantilever tests, the load cell and
transducer signals were transmitted to a two-chan- -
nel strip chart recorder. A typical example of data I 8o
output from a three-point loading test is shown ih. 5--.- 15

Figure 17. The length-to-width-to-thickness ratio 4_ -1 '3 S I - T ,

of simply supported beams averaged 9:1:1. The 2 800oo -t23 13 7
flexural characteristics of beams were calculated a- 2 330 F s2-2

on the basis of
400 I I

3 PL 0 -10 -20
S = 1; h (3) Ambient Air Temperotu.e (c)

dFgure 18. Variation with temperature of the fex-
and ural strength of cantilever beums of Si and S2 ke.

1Symbols Tand B refer to top and bottom in tension tests

E - (4) respectively. Note that in bottom in tension tests, tem-
peratures of the fiber in tension are necessarily at O-C.
Number of beams used to determine average flexural

where terms in these eruations are the same as strength values for each data point are also indicated.
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Table 1. Average flexural strenllgts (kPa) of cardlever beams.

Ambient
temperntum Seeded ice sheets UseCeded ice skeets A!IM

('C) No. I No. 2 No. 4 No. 7 No. 8 No. 3 No. 5 No. 6 Stededw (1-..,eded

-I 622* 754 711 958 997 687 ± 81 975 ± 132
689t 789 743 1040 1053 741 ± 84 IU4S ± 147

686
754

-5 714 673 904 888 907 871 735 * 121 891 * 104
- 705 812 1165 1297 954 743 ± 67 1181 * 183

724 778
- 717

-10 734 766 824 1133 786 * 89 943 * 183
739 815 1188 1212 767 ±: 75 1199 * 106

905
745

-19 859 946 922 940 903 + 101 930 t 237
680 874 1164 1062 7/5 :t 134 1123 ± 167

Total
beams 12 67 40 7 19 60 40 4 145 104

*Top in tension.
t Bottom in tension.

Table 2. Average strain modulus (GPa) of ciandlever beams.

Ambient
temperature Seeded ie sheets Unseeded ice sheets A erane

(6C0 No. I No. 2 No. 4 No. 7 No. 8 No. 3 No..5 No. 6 Seeded Unseeded

- I 4.40 5.2 5.4 5.8 4.9 * 0.6 5.6 * 0.9
4 .1lt 4.6 5.7 5.6 4.4 * 0.4 5.7 * 0.4

- 5 4.' 4.4 6.6 6.1 4.6 4.3 ± 0.7 6.3 ± 0.9
- 4.7 6.8 5.8 5.6 4.7 ± 0.9 6.3 ± 0.9

-10 4.6
4.9

5.4 4.5 6.8 6.0 4.7 ± 0.9 6.4 ± 1.2
5.0 4.5 6.1 5.1 4.6 ± 0.4 5.7 ± 0.8

-19 - 4.9 5.4 6.v. 4.9 ± 0.4 5.6 ± 0.9
50 4.9 5.7 5.0 4.9 ± 0.4 5.4 + 1.2

Total
ber-n I1 31 38 19 56 37 - 99 97

"Top in tension.
"t Bottom in tension.
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]I- sizes of crystals themselves. In bottom in tension
S 6 tests, for example, tensile failure frequently in-

5 - volved just one or two crystals in the beam cross
i 2 -I sections. This approach to single crystal failure,

which often promoted conchoidal fracture sur-
3  , faces, more than compensated for the fact that the
0 -10 -20 bottom ice was at or close to 01C. The net result is

Ambient Air Temp.erature 0t)| that SI ice with bottom in tension tested the

Figure 19. Strain modulus data of wntilever strongest of all cantilever beams. This obvious
beams of Si and S2 ice versus temperature control of oriented crystal structure in enhancing
measured at the top of the ice sheet. Symbols the flexural strength of SI ice, together with the
T and B refer to top and bottom in tension tests weak to virtual non-dependence of strength of
respectively, both SI and S2 ice on ambient air temperatures

over the range -i to -190C, are the most striking
features of the cantilever beam tests conducted in

kPa at -190C. For beams tested with their bot- the CRREL tank.
toms in tension (tension fiber at 0°C), flexural In these and other tests of laboratory-grown ice
stength showed even less dependence on tempera- sheets, the flexural strengths of cantilever beams
ture, strengths remaining remarkably constant at are generally much higher than those measured in
around 750 kPa over the same range of ambient the field. For example, the maximum strengths
air temperatures. Part of the increased strength measured by Gow et al. (1978) on large cantilever
shown by beams tested with the top in tension may beams of lake ice never exceeded 1000 kPa, and
reflect the effect of the smaller grain size in the these were only observed in the coldest ice that was
tops of S2 (columnar-textured) ice sheets with de- composed of snow ice with grain diameters on the
creasing test temperatures. Beams of S2 ice char- order of I mm. Additionally, Gow et al. (1978) re-
acteristically failed in vertical planar fashion. ported a significant decrease in the flexural
When viewed in reflected light, the individual out- strength of the ice with increased exposure to ele-
lines of columnar crystals could be clearly deline- vated air temperatures and solar radiation during
ated on the fracture surface. the late winter and spring. This exposure leads to a

Timco and Frederking (1982) measured an aver- degrading of the ice structure that in the extreme
agge value of 770 kPa for S2 ice beams tested with case manifests itself in the form of grain boundary
top in tension at -10°C. This compares very close- melting and candling. This is accompanied by sig-
ly with the average value of 786 kPa we obtained nificant loss of strength to values of 400 kPa or
on 17 beams from two S2 tylSe ice sheets tested at less. However, such behavior was not observed in
the same temperature. Lavrov (1971) reports any of the ice sheets in the CRREL test tank, not
somewhat higher values for his "structurally sim- even in those sheets held at temperatures cf 0VC
ulated ice" (S2 ice equivalent), on the order of for extended periods of time nor in beams re-
1100 kPa for beams tested at -7 to -5°C with the moved from the water and also held at 0°C for
top in tension. Neither Timco and Frederking nor long periods. Nor did the ice lose structural integ-
Lavrov tested beams with bottoms in tension, nor rity-there was no sign of crystal boundary modi-
did they examine the flexural strength of macro- fication or candling, for example. Such observa-
crystalline SI ice sheets. tions strongly suggest that solar radiation (not a

Tests on SI ice (Fig. 18) also failed to show any factor in an indoor tank) is a major influence in
really systematic change in strength with changing promoting candling and concomitant loss of flex-
surface air temperature, for either top or bottom ural stength in natural ice covers. This point was
in tension tests. However, SI ice tested stronger subsequently demonstrated when blocks of ice
overall than S2 ice. Push-down tests (top in ten- were taken from the tank and found to undergo
sion) averaged around 950 kPa, whereas those rapid candling when exposed to sunlight at air
beams tested in the pull-up mode (bottom in ten- temperatures around 00C.
sion) ranged in strength from 1000 to 1200 kPa. Our conventional cantilever beam tests also in-
This increased strength of SI type ice (approxi- cluded a series in which changes in the dimensions
mately 30-40Q% greater than that of S2 ice) reflects of beams of S2 ice were investigated to determine
both the effects of the near-perfect vertical c-axis the effect, if any, of such changes on the flexural
alignments of crystals in Sl ice and the very large properties of the ice. The tests were similar to
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those performed by Frederking and Timco (1983) listed in Appendix A and averaged values for can-
who reported that the flexural strength of 52 ice is tilever beams are presented In Table 2. Averaged
essentially independent of length but decreases values of strain modulus based on all tests at the
with increasing beam width. The results of beam four test temperatures are plotted in Figure 19. S2

m length change, based on tests from Ice sheet 4 (28 ice showed no significant differences In modulus
April test series, Appendix A), tabulated below, between top or bottom in tension tests at any tem-
,how a slight but not statistically significant perature, and no significant trend with tempera-
.;hange in strength for a L: w:h change from 11: 1: 1 ture per me was observed either. Results for S2 ice
to 8: 1: 1. Data are in accord with those of Freder- then are that strain moduli, ranging between 4 and
king and Timco (1983). 5 OPa, are essentially independent of temperature

over the range -i to -19*C. Sl ice beams similarly
L:w:h L:w:h showed no significant differences in modulus be-
11:1:1 8:1:1 tween top and bottom in tension tests and values

again appear virtually independent of tempera-

_T= 7 54 kPa ST= 7 7 7 kPa ture. However, strain moduli of Sl ice am appreci-
S3 =7% kPa Sa-833 kPa ably higher than those of S2 Ice, 5 to 6 OPa or on

the order 10 to 20% larger. Lavrov (1971) report-
where B indicates bottom in tension and T top in ed strain moduli of about 2 OPa for beam
tension. Also, measurements involving a 60% in- strengths of 1000-I 100 kPa in S2 ice. Timco and
crease in beam width, while keeping the length and Frederking (1982) reported strain moduli of 1.6
thickness constant (25 April test series, Appendix OPo' for top in tension tests of S2 ice with flexural
A), resulted in no significant change in flexural strengths of about 770 kPa. However, TimcO and
strength of the beams. Frederking, unlike Lavrov (1971), found no de-

pendence of strain modulus values on loading
rate. The most recent data are from Frederking

L:w:h L:w:h and Svec (1985) who, while measuring flexural
10:1:1 8:1.6:1 characteristics of freshwater ice in an outdoor

pool, obtained strain modulus values of 5.4 OPa

_T = 766 kPa 9T = 741 kPa for fine-gra.ned ice at the top of the Ice sheet.
S $= 770 kPa Sa= 807 kPa. These data are simiar to ours (4 to 5 GPa) that

were obained on fine-grained congelation ice at
This result might seem at variance with the report- the tops of S2 Ice sheets. Variations between the
ed conclusion of Frederking and Timco (1983) different observers probably reflect differences in
that increasing the beam width decreases the both test techniques and ice types. Lavrov (1971),
strength. However, an inspection of the data in for example, appears to have incorporated results
Figure 8 of their paper shows that for beam width of tests from both laboratory-grown and natural
changes of between one and two times the beam ice covers.
thickness, flexural strength actually increased
(from about 750 kPa to nearly 1000 kPa) before Modified cantilever beam tests
decreasing progressively to about 500 kPa at beam In addition to testing conventional cantilever

widths four times the thickness beams, we also dedicated parts of three ice sheets,
These observations that flexural strength is not numbers 6, 7 and 8, to studies of stress concentra-

significantly influenced by beam width changes of tion effects at the roots of modified cantilever
* between one and two times the beam thickness beams. Evidence for the existence of stress con-

help resolve a difference in guidelines for small centrations has been obtained mainly from field
beam testing recommended by Schwarz et al. testing of large cantilever beams, but opinions as
(1981) and Lavrov (1971). Whereas Schwarz et al. to the magnitude of such an effect vary widely.
recommended that beam widths should measure Both Butyagin (1966) and Lavrov (1971) argue
one to two times the beam thickness, Lavrov ad- against the existence of significant external stress
vocated the use of beams with a square cross sec- risers, Butyagin on the basis of comparative tests
tion. Both recommendations appear valid. In of cantilever and simply supported beams that
most of the tests reported here, beams with a failed to show any significant difference inSsquare cross section were used. strength between the two, and Lavrov on the basis

Individual measurements of strain modulus are of tests on cantilever beams with their root sec-
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lions flared to reduce external stress concentra-

tions. However, Lavrov observed that the flexural •
strengths of simply supported beanis generally ex- , i
ceeded those of cantilever beams. This Lavrov at- -- -
tributed to fundamental differences in the mech-
anics of failure of simply supported and cantilever
beams.

Gow et al. (1978) conducted tests on both canti-
lever and simply supported beams of temperate
lake ice and found that the ratio of flexural
strength of cantilever to simply supported beams
varied from 1:1 at cantilever beam strengths of rgo- 20CM

around 400 kPa to 1:2 for cantilever beam
strengths of 900 kPa (the same beams tested in the F&Pure 20. Layout of beams used to investigute stre
simple support mode failing at about 1800 kPa). conCmtradt*on afeCts at the .von of Cutlevwr
This behavior was attributed to the effect of stress beams. Arrow hi ate md locadtos at whih dl.
concentrations at the sharp-cornered roots of can- mu rred YbW (jW MIN d ad (b) co endonei. C cor-
tilever beams, with the maximum effect occurring ryed .

in cold ice substantially free of structural imper-
fections. This explanation implied that the magni-
tude of the stress concentration effect depends on S2 ice. All beams of SI ice and 28 of the 68 S2 ice
both the thermal and structural condition of the beams were tested at an ambient air temperature
ice, and that in ice that has undergone extensive of -s °C. The remaining 40 S2 ice beams were test-
thermal degradation, leading to loss of cohesion ed at an ambient air temperature of -1 C.
between the grains and crystals of ice, the stress Filleting the roots of beams invariably resulted
riser effect may be eliminated altogether. Milt- in small to substantial increases in flexural
tinen (1976), working with beams of brackish strength, depending on the structure of the ice, its
water ice, found that cantilever beams with a large temperature and the particular surface in tension.

radius of curvature at the root were about 30% Results (averaged values) are listed in Table 3.
stronger than sharp-cornered conventional beams. These tests in effect repeated earlier experiments
Gow and Ueda (1984), experimenting with fresh- by Lavrov (1971), but unlike Lavrov's resule our
water model ice, also reported significant increas- flfleted beams generally failed some distance back,

es in flexural strength of cantilever beams when occasionally as much as S cm into the region of
their roots were rounded out by drilling. Freder-
kinlg and Svec (1985), conducting tests on 35-cm- Tal3.Cnowb *q s ft ov -
thick ice in a large outdoor pool, also found that

arem .1 alien eOfou ist smO at beam set
cantilever beams with holes drilled at the roots
tested approximately 25% stronger than beams
with roots terminated by parallel saw cuts.

To evaluate stress concentration effects in the T
current series of tests, measurements were made in "

C.10C Two TM TV Do B Bit-
which the normally sharp comers produced by
parallel saw cuts at the roots of conventional can- sn" (112) 1e

tilever beams were filleted by drilling 20-cm-diam- -1 6"9 939 1.34 749 W( 1.13
eter holes. We prepared these beams by first drill- ( (90) (10) (11)
ing 20-cm-diameter holes at intervals of 30 cm be- • 5 904 I1I9 1.33 312 368 1.09
tween centers and then making parallel saw cuts (3) (12) (4) (9)
perpendicular to the holes so as to intersect adja-
cent drill holes tangentially. This arrangement, in- Umnmih (S1) he
cluding the preparation of conventional cantilever - V), 11e6 1.34 954 1229 1.29
beams alongside those with modified roots, is de- (2) (3) (2) (4)
picted in Figure 20. A total of 83 beams was test- T. = wamodifldb, top In towe-; B. - umseirmd. bot-
ed, including 54 beams with filleted roots, 1I of toM in tiWeO; T, - modified, top in tWion; B. = modI-
which consisted of SI ice and the remaining 43 of fled, bottom In teninM .
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TaLle 4. Cantilever beam modull (GP*); tests of stress coP-
cetratlom at beam roots.

Test
mtevet," Seded (S2) tuteed (SP

(*CQ TV* Tm BN B, To To as Bme

-I 4.9 3.2 4.5 3.3 - - - -

5.5 3.8 4.8 3.4 - - - 4.2

-s . . . . 4.6 4.9 5.6 4.3

T- unimodifled, top in tension; 5, . unmodif'md, bottom in tension;
T. nmodified, top in tension; C, . modifkd, bottom in teosion.

curvature (see cover), and at forces up to two Parallel 6:. )iy supported beams
times those needed to cause failure of conven- This group of beams included all beams tested
tional cantilever beams. The latter beams general- in parallel with cantilever beams. Tests of this
ly failed at or very close to the ends of the saw kind involved transferring the cantilever beams
cuts; in both the modified and conventional beams from the water to the simply supported beam
the failure surface was vertical and planar. breaker. The actual tests were conducted in less

Tests of 52 ic (see Table 3) show the same de- than 2 minutes after we removed the beams from
pendence of strength on temperature as demon- the water, thereby ensuring minimal changes in
strated in Figure 18, with both modified and un- the thermal condition of the beams (ambient air
modified beams also testing strongest when the temperature at the top of the beam, with the bot-
top surface was placed in tension. This probably tom at or very close to 0C). A major reason for
reflects the effects of smaller grain size and lower performing these tests in parallel with cantilever
temperatures at the top of the ice sheet. As a beams was to evaluate the effects of stress concen-
group, filleted beams of S2 ice, made to fail with tration at the sharp-cornered roots of cantilever
their tops in tension, tested 30-35% stronger than beams; t .ch effects should not exist in beams
unmodified beams. On the other hand, bottom in when bowt ends are freely supported. A second,
tension tests yielded much smaller differences in but no less important, reason for carrying out par-
strength, filleted beams being on the order of allel beam tests was to investigate the effects of
7-15% stronger. The results of our top in tension temperature gradients in these ice beams via com-
tests agree very closely with those obtained by parisons with iothermal bums of identical crystal
Frederking and Svec (1985), who also found that structure tested in the same simple support mode.
introducing stress relief holes at the roots of canti- Most (70%) of the simply supported beams in

lever beams increased flexural strength by 25-30% this series failed directly beneath the region of
over that of conventional, sharp-cornered beams. load application as transmitted throuhs the trans-

Tests of S1 ice beams also yielded increased verse loading bar. The resultant fracture surfaces
strengths for filleted beams on the order of 30% were generally vertical and planar, the only excap-
for both top and bottom in tension, very similar to tions occurring with off-center breaks where frac-
those of S2 ice beams tested with top in tension. ture planes tended to be curved in the manner de-

Modifying the roots of S2 ice beams also ap- picted in Lavrov (1971, p. 38). However, the per-
pears to exert some effect on the strain moduli, centage of off-center breaks tended to increase
those beams with stress relief holes exhibiting with decreasing ambient air temperature, indicat-
lower values than conventional sharp-cornered ing that differences in temperature between the
cantilever beams (Table 4). No such effect was oh- tops and the bottoms of beams (temperature grad-
served in beams of SI ice. Results obtained on S2 lent factor) might influence the mechanism of fall-
ice beams with top in tension show the same trends ure and, possibly, the ultimate strength r r.tined.
as those found by Frederking and Svec (1985), Detailed results of all beams tested in the paral-
who measured strain moduli of 5.4 GPa for lel simple support mode are listed beside the corre-
unmodified beams compared to values of about sponding cantilever beam data in Appendix A.
4.5 GPa for beams with stress relief holes drilled Averaged values of flexural strength and strain
at the roots. modulus are presented in Tables 5 and 7 respec-
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Table S. Average flexural strengths (kPa) of parallel simply supported beams.

Ambient
temperature Seeded ice sheets Unseeded ice sheets A verage

(0C) No. I No. 2 No. 4 No. 7 No. 8 No. 3 No. 5 No. 6 Seeded Unseeded

- I 1469* 1529 1068 1566 1499 ± 85 1276 ± 271
846 t 1006 1066 1359 935 ± 117 1163 ± 197

- 5 1361 1215 1386 1586 ± 297 1281 ± 139
- 1114 1393 1043 ± 147 1215 ± 268

1810
1043

-10 1521 1319 1182 1485 1454 ± 292 1292 ± 208
899 991 1217 1685 922 ± 131 1412 ± 316

-19 1531 1788 1064 1462 1621 + 356 1230 ± 242
822 1052 1382 1329 b73 ± 4C W•M + 177

Total
beams 46 21 58 35 67 93

* Top in tension.
t Bottom in tension.
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Figure 21. Variatior, with temperature of the Figure 22. Strain modulus versius tempera-
flexural strength of ,.,imply supported beams of ture of simply supported beams tested in
SI and S2 ice tested in parallel with cantilever conjunction with cantilever beams. Symbols
beams. Again, temperatures at bottoms of beams are T and B refer to top and bottom in tension tests
at or very close to 0 C. Symbols T and B refer to top respectively.
and bottom in tension tests respectively. Number of
beams tested at each temperature is also indicated.

tively. Weighted averages (obtained by combining Tests of columnar type (S2) ice showed no syste-yaverage values of individual batteries of tests) are matic variation of flexural strength with tempera-
plotted as a function of temperature in Figure 21 hire or temperature gradient for either top or bot-
(flexural strength) and Figure 22 (strain modulus), torn in tension tests. This behavior essentially par-
Tests in which failure occurred at distances of allels that observed with cantilever beams. Howev-
greater than 10 cm from the transverse loading bar er, on average, S2-T (top In tension) beams tested
(greater than 10% of the beam span) were exclud- 50 to 100% stronger than S2-B (bottom in tension)
ed from the averaged values listed in Tables 5 and beams. Such a difference In strength is attributed
7. These represented less than 5% of the total primarily to grain size effects, mean cross-section-
number of beams tested. al diameters of crystals at the tops of S2 ice sheets
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being on the order of five times smaller than at the Table 6. Strength difference ratios of simply
bottom. For example, even at the -1 *C test tern- supported beams and cantilever beams tested
perature where the beams are practically isotherm- in parallel.
al (-1 C at the top, 0°C at the bottom), S2.T
beams were on the order of 60% stronger than Test
S2-B beams. temperature Seeded(•s2) unseeded(Sl)

Tests of macrocrystalline SI type ice also (6CQ Topo Bottom Top* Bottom
showed little if any systematic dependence on the - 1 2.18 1. 1.31 1.13
temperature of the fiber in tension. This was par- - 5 2.16 1.40 1.44 1.03
ticularly true of SI-T beams, which averaged -10 1.85 1.20 1.37 1.21
1200-1300 kPa over the entire range of test tem- -19 1.80 1.17 1.32 1.21
peratures. However, these strengths are about * Tension surface.
40% higher than those measured on S2-B beams
despite the fact that the average cross-sectional di-
ameter of crystals in the tension fiber of S2-B
beams is an order of magnitude smaller than that pears to substantially relieve stress risers at these
of SI-T beams. Other factors being equal, small locations. This situation applies to both top and
grain size should have led to greater flexural bottom in tension tests and also to S2 type ice test-
strength. The apparently contrary behavior ob- ed with the bottom in tension. However, in the
served in Sl ice is attributed to the failure charac- case of S2 ice beams tested with the top in tension,
teristics of SI ice per se, in which the majority of it would appear that, despite drilling relief holes at
crystals exhibit vertical to near-vertical c-axis ori- the roots of the beams, stress riser effects still
entation. This, the crystal orientation effect, is dominate tensile behavior in filleted beams. Oth-
even more pronounced in the case of SI-B tests, erwise, other factors, in addition to stress concen-
where the failure plane was often found to inter- trations, need to be invoked to explain why simply
sect as few as one or two crystals. Such behavior, supported beams tested with top in tension are
in essence, approximates single crystal failure, in 60-70% stronger than filleted cantilever beams
which the fracture plane is forced to propagate with identical structural and thermal characteris-
parallel to the direction of c-axis alignment, which tics. Temperature gradients cannot be a factor
also parallels the "hard fail" plane of single ice since most of the tests were conducted at -4 °C am-
crystals. Not infrequently, failed Sl ice beams ex- bient air temperature.
hibited conchoidal fracture surfaces, rather than Lavrov (1971) would attribute such differences
the vertical planar type fracture surfaces observed in the behavior of simply supported and cantilever
with S2 type ice beams. beams to fundamental differences in their mech-

Overall, parallel simply supported beams tested anics of failure. Lavrov further acknowledged
stronger than the corresponding beams tested in that the bending strength of a simply supported
the cantilever mode. This was especially true of S2 beam should exceed that of the cantilever beam.
ice tested with top in tension, in which the strength He also determined, mainly from large beam tests,
difference ratios of simply supported beams to that the bending (flexural) strength of an ice cover
cantilever beams averaged around 2.0, i.e., simply can be obtained from cantilever beam tests by sim-
supported beams were approximately twice as ply multiplying the latter by a correction factor of
strong as the same beams tested in the cantilever 1.5. This kind of strength difference factor is in
mode (Table 6). Other strength difference ratios good agreement with results reported here for S1
listed in Table 6 varied between 1.03 and 1.44. ice and for S2 ice if top and bottom in tension tests
These results are especially significant in regard to are averaged (Lavrov made no clear distinction be-
our earlier tests on cantilever beams, in which the tween push-down and pull-up tests in reporting his
normally sharp corners at the roots of the beams results). Similar strength difference ratios have al-
were modified by drilling 20-cm-diameter holes to so been reported for large lake ice beams by Gow
provide relief from stress concentrations (see Ta- et al. (1978).
ble 3). A comparison of both sets of data (Tables 3 Our measurements of the flexural strength of
and 6) supports the contention that significant freshwater model ice are also of interest with re-
stress concentrations do exist at the roots of con- spect to urea ice, used for modeling sea ice, and
ventional cantilever beams. In macrocrystalline SI for sea ice itself. According to Timco (1985) there
type ice, the drilling of holes at the beam rc 'ts ap- is no apparent difference in flexural strength be-
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Table 7. Average strain modulus (GPa) of parallel simply supported beams.

Ambient
temperature Seeded ice sheets Unseeded ice sheets A verage

(CC) No. ) No. 2 No. 4 No. 7 No. 8 No. 3 No. 3 No. 6 Seeded Unseeded

- 5.6* 7.7 6.5 ± 1.5
5.It 3.0 4.9 ± 1.0

-5 A 7 4.7 8.4 6.7 ± 2.3 6.1 ± 2.0
- 5.7 8.3 6.8 + 1.7

-10 2.9 5.0 5.4 6.7 3.7 ± 1.3 5.8 ± 1.5
2.7 4.5 5.2 5.0 3.2 ± 1.0 6.6 ± 1.6

-19 5.0 5.0 • 1.6
5.4 5.4 ±1.1

L

Total
beams 18 10 41 24 28 65

Top in tension.

t Bottom in tension.

tween either cantilever or simply supported beams Weighted averages, plotted as a function of tern-
of urea ice or sea ice. Thib behavior is attributed to perature, are presented in Figure 23 (flexural
the widespread occurrence of brine (urea) inclu- strength) and Figure 24 (strain modulus). As with
sions and air pockets in the ice that effectively re- the parallel simply supported beams, all tests with
lieve stress concentrations through plastic flow. off-center breaks exceeding 10 cm were excluded
This explanation is compatible with that of Gow et from the averaged values listed in Tables 8 and 9.
al. (1978) regarding thermally modified lake ice in These represented less than 5% of the 252 beams
which the structure of the ice becomes sufficiently tested.
degraded, through the combined action of elevat- Of the three types of tests performed in the cur-
ed air temperatures and solar radiation, to reduce rent series of measurements, those involving iso-
intrinsic flexural strengths to levels less than the thermal simply supported beams yielded the clear-
stress needed to activate stress risers at the roots of est information concerning the effect of grain size,
cantilever beams. However, since most of the data crystal orientation and temperature of the fiber in
on sea ice were obtained from warm ice, we might tension on the flexural characteristics of the ice.
suspect stress concentrations to develop in beams Isothermal beams tested the strongest overall.
of cold sea ice containing fewer or smaller brine With regards to S2 type ice, all test series showed a
pockets. substantial dependence of strength on the grain

Measurements of strain modulus on a total of size of the fiber in tension (Fig. 23a). Significant
115 beams (Table 7) show no definitive trends. increases in strength with decreasing temperature
Values vary between 5 and 7 GPa except for those weie also observed. Those beams tested with top
obtained at -10'C on a battery of seeded (S2) ice in tension increased in average strength from
beams, which tested low (3.7 and 3.1 GPa) relative about 1650 kPa at -I °C to nearly 2600 kPa at
to other tests in this series, and with those ob- -19°C. In bottom in tension tests of S2 ice, fiexur-
tained on the same beams tested in the cantilever al strength increased from about 1150 kPa at -1 °C
mode. to 1640 kPa at -19°C. In short, the flexural

strength of S2-B beams at -19 0 C is only about
Isothermal simply supported beams equal to the strength of S2-T beams at -I *C. Also,

A total of 252 individual beams was tested in the ratios of strength for top and bottom in ten-
this series of measurements. Detailed results of sion at the four test temperatures remain remark-
isothermal beam tests are included in Appendix A. ably constant at 1.5, which agrees closely with the
Averaged values of flexurai strength and strain value obtained by Gow et al. (1978) on large
modulus are listed in Tables 8 and 9 respectively, beams of lake ice. Such differences in the flexural
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Table 8. Average flexural strengths (kPa) of Isothermal simply supported beams.

Ambient
temperature Seeded ice sheets Unseeded ice sheets 4 verage

(°C) No. I No. 2 No. 4 No. 6 No. 7 No. 8 No. 3 No. 5 No. 6 Seeded Unseeded

- I 20920 1573 1186 1479 1651 ± 369 1381 ± 194
12681t 1054 1366 2237 1124 ± 131 1739 ± 487

1979 1394

1154 1090

- 5 1629 1630 2321 2208 2184 - 1849 I1315 2101 ± 384 1824 ± 2201190 1324 1922 1388 1549 1394 1852 2028 1392 ± 265 1933 ± 313

2214
1241

-10 1495 2608 2329 1739 1925 2411 ± 289 1863 ± 150
1273 1674 1598 1793 2102 1588 ± 166 1999 ± 326

-19 2572 1703 2022 2572 ± 285 1885 ± 207
1641 2063 2026 1641 ± 122 2042 + 184

Total
beams 11 7 54 17 33 36 19 35 22 158 76

Top in tension.
1 Bottom in tension.

Table 9. Average strain modulus (GPa) of Isothermal simply supported beams.

Ambient
* ̂ .w.~,. _________,ded ice _ hets Utarreded ire k-rý,.t .

°C) 0 No. I-No. 2 No. 4 No. 6 No.7 No. 8 No. 3 No. 5 No. 6 Seeded Unseeded

- ! 7.1* 6.8 5.2 8.5 6.9 ± 1.4 7.4 ± 2.1
7.1t 7.0 5.0 6.9 7.0 ± 1.0 5.7 ± 1.1

-5 4.6 5.6 6.2 7.9 7.0 5.9 ± 0.7 7.3 ± 0.8
5.4 6.5 6.0 8.2 7.3 6.4 ± 1.0 7.6 ± 1.2

5.8 6.0
6.6 6.9

-30 4.4 5.4 6.8 5.6 6.4 ± 1.2 5.6 ± 0.4
3.8 4.4 6.9 5.7 6.0 ± 1.5 5.7 ± 0.5

-19 8.3 7.0 8.3 ± 2.3 7.0 ± 1.2
7.9 6.5 7.9 ± 0.9 6.5 ± 0.7

Total
beams 6 36 16 28 31 19 15 19 117 53

"Top in tension.
1 Bottom in tension.
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a. Ice type (number of beams tested at each tern- b. Crystal size/c-axis orientation relationships in
perature is also indicated). SI and S2 ice types.

Figure 23. Variation with temperature of the flexural strength of isothermal simply supportcd ,Ims of SI
and S2 ice. Symbols T and B refer to top and bottom in tension tests respectively.

strength of isothermal beams of S2 ice are primari- Si-B tests. Figure 23b, showing crystal size-crystal

ly the result of changes in grain size between the orientation relationships in Si and S2 ice types,
tops and the bottoms of the ice shees. Typically, clearly demonstrates the importance of c-axis ori-
crystal cross-sectional diameters in S2 ice grown in entation relative to grain size effects. As noted
the CRREL test tank increased from 1-2 mm near eurlier, grain size difference is the dominant factor
the top to 6-7 mm at the bottom. controlling strength in S2 type ice. However, a

In contrast to S2 ice, the differences in the crossover to the crystal orientation factor is evi-
strength between SI-T and SI-B beams are very dent when S2-B test results are coi .ared with
much less and flexural strength became essentially those obtained with SI-T and SI-B beams. Despite
independent of the thermal condition of the ice its finer-grained texture, the flexural strength of
once temperatures had decreased below -5 OC. The S2 ice tested with bottom in tension is appreciably
actual strength values of SI ice fall more or less weaker (on the order of 25-50%) than the much
midway between those obtained with S2 ice, with coarser-grained ice of either SI-T or SI-B beams.
values obtained at temperatures below -50 C aver- In many Si-B tests, for example, failure oc-
aging around 2000 kPa for SI-B beams and about curred in an essentially single crystal mode, in a
1800 kPa for SI-T beams. This represents a less plane containing the c-axis and, hence, parallel to
than 10% difference in strength between SI-T and the "hard fail" plane of the ice crystal. The im-

portance of the oriented crystal factor is further
9 ,, .highlighted in the greater strength of beams of

a. SI-B ice relative to SI-T beams, despite the factS - S2-B8 .
SI-T that crystal size is appreciably smaller at the top of

-7- S2- the ice sheet (in ice of SI-T beams). It is important
0 S- a to remember that temperature is not a factor here

since the beams were isothermal.
AmbientTwo beams of S2 ice were tested with sides in

S4 -20tension. Though too few to be statistically signifi-
A -10 e r -0cant, the two beams tested much weaker than oth-Ambient Air Temperature (fC) er isothermal beams; approximately 40% weaker

Figure 24. Strain modulus versus tempera- than top in tension tests and 20% weaker than
ture of isothermal simply supported beams. bottom in tension tests.
Symbols T and B refer to top and bottom in ten- No attempt was made in the current series of
sion tests respectively, tests to simulate rine-grained snow ice but, based
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on results obtained with fine-grained, seeded (S2) 2800, I 1

ice when it is loaded to tensile failure, we could ex-
pect cold, simulated snow ice to test as strong or 40
stronger than the cold, seeded topm&ost layer of S2 a 2400
ice sheets.

Strain modulus measurements were made on a
total of 169 beams used in isothermal tests. Given 6"

the error limits of the deflection measurements,
the strain moduli (Fig. 24) show no systematic pat- - 1600 . so-e
tern of variation with respect to changes in either 600

the temperature or the ice or the magnitude of the . -

flexural strength. Average values ranged from 6-8
GPa or about 10-20% higher than modulus data
obtained with cantilever and simply supported PARA-

beams tested in parallel with cantilever beams.
Lavrov (1971) reports strain moduli of 67,000 0 -10 -20
kg/cm2 (6.6 GPa) for SI ice tested at -3 to -40C Ambient Air Temperature (0C)
and 39,000 kg/cm2 (3.8 GPa) for S2 ice. Accord-
ing to Lavrov, strain modulus (Ef) should Increase a. S2 ice.
approximately linearly with increasing flexural 2400

strength (Sf) of the ice, the actual rate of increase
depending on the rate of loading. Using data from a .so-B
tests on beams of S2 ice, Lavrov obtained the ana- 200 -
lytical relationship -SO-T

Ef = 3000 Sf (0

for load durations of 3 to 4 seconds. We observed
no such relationship in our tests in which beams . 1200 PARA-TT

were loaded to failure in less than 1 second.

Temperature gradient effects 0-1 -20

A second reason for conducting isothermal Aie A m u
beam tests was to investigate the effects on flexur-

al strength of temperature gradients in ice beams b. SI ice.
via comparisons with parallel simply supported Figure 25. Comparative relationships of flexuil
beams of identical crystalline structure (either strengths of Isothermal and parallel simply sup-
from the same ice sheet or from other ice sheets ported beams, demonstrating temperature gradi-
with the same structure). The two groups cLf beam ent effects. Extrapolations of data to O°Care indicated
tests differ only in their thermal state, the temper- by dashed lines.
atures of isothermal beams remaining constant
throughout their thickness whereas in parallel sim-
ply supported beams (those tested in conjunction 25 shows, the net effect of temperature gradients
with in-situ cantilever beams), only the top is at is to significantly reduce the strength of parallel
the prevailing ambient temperature, with the bot- simply supported beams, relative to isothermal
tom of the beam being at or very close to 0°C. Ac- beams tested at corresponding ambient air temper-
cordingly, the only differences in the flexural atures. This situation applies to both SI and S2 ice
characteristics of the two kinds of simply support- types. In S2 ice, for example, the flexural
ed beams should be directly linked to the effect of strengths of parallel simply supported beams at
temperature gradients in the parallel simply sup- the lower ambient air temperatures (larger temper-
ported beams. ature gradients) decreased to !ess than 55% of

This effect can be a very substantial one, espe- those of the isothermal beams. The effect is some-
cially in a 10-cm-thick ice beam at an ambient air what less in S1 ice beams, which tested about
temperature of -19 0C. As an inspection of Figure 30-35% weaker than their isothermal counter-
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1.00
modulus of floating freshwater ice sheets. In the

.T Ocases of tests of structurally undegraded fresh-
water model ice sheets in the CRREL tank, S2 ice

.9 0.75 with top in tension would appear the strongest

S2-T (1500 kPa) and S2 ice with bottom in tension (900
kPa) the weakest, with Si ice values (1300 kPa)

0.50 S 3 s2"e T- falling in between. This result would need to be
S1.00 modified for natural ice covers close to their melt-

ing points, because of the associated solar-modu-
SSI-T b. lated degrading and candling of the ice crystal

structure. Such degrading of natural ice sheets~ 0.75 (not a factor in indoor test tanks) is known to be a

- B major cause of loss of flexural strength of temper-
ate lake ice in spring (Weeks and Assur 1969, Gow

0.50 C et al. 1978).
-10 -20

Ambient Air Temperature (*C) Comparisons with other

laboratory and field data
Figure 26. Strength difference ratios (flexural The results from small beam testing of freshwa-
strengths of parallel simply supported beams rel- ter model ice, in which the flexural strengths of
ative to those of isothermal beams) versus ambi- simply supported isothermal beams were mea-
ent air temperature for (a) S2 ice and (b) Sl ice. sured, include those of Lavrov (1971) and Timco
Symbob T and B refer to top and bottom in tension and Frederking (1982). Timco and Frederking lim-
tests respectively. ited their measurements to S2 ice, which they test-

ed at -10*C ambient air temperatures. Beams were
tested in both push-down and pull-up modes.

parts. Relationships between tl - two beam With push-down (top in tension tests) they ob-
groups, plotted as a strength difference ratio ver- tained an average flexural strength of 2200 kPa, in
sus ambient air temperature and ice type, are good agreement with our averaged value of 2443
shown in Figure 26. It is also interesting to note in kPa at -10*C. Their value of 1770 kPa for bottom
both Figures 25 aud 26 that as ambient surface air in tension (pull-up tests) also agrees reasonably
temperatures converge towards 0°C so do the well with our measurement of 1588 kPa. Lavrov
strengths of the corresponding sets of beams, e.g., (1971) tested both SI and S2 ice and his results are
ISO-T and PARA-T. This is to be expected since reported in several tables and diagrams. Although
at 0°C both isothermal and parallel simply sup- the precise nature of load application is not given
ported beams are now thermally equivalent. The (Lavrov did not always distinguish between top
only exception appears to be with ISO-B and and bottom in tension tests), indications are that
PARA-B tests of SI ice. results in his Table 38 (p. 114) were obtained with

Notwithstanding, the fact that this convergence push-down (top in tension) tests. He lists mean
occurs in three out of four sets of tests lends cre- values of 20.5 kg/cm2 (2010 kPa) for Sl ice and
dence to the testing procedures employed in the 22.0 kg/cm2 (2160 kPa) for S2 ice tested isotherm-
current series of tests and gives us confidence in ally at -3 to -40C. These data conform closely
the conclusion that the existence of a temperature with our mean values of 1820 kPa for SI ice and
gradient, regardless of the temperatue of the fiber 2100 kPa for S2 ice tested with top in tension at
in tension, is ultimately determining the strengths -5°C.
of parallel simply supported beams. However, as Lavrov also furnished data on the temperature
noted earlier in the discussion of the parallel beam dependence (0 to -40C) of the bending strength
test data, the ultimate strength of any particular of S2 ice sheets grown In the laboratory. Though
set of parallel simply supported beams appears lit- precise information on the nature of loading of
tie affected by the magnitude of the temperature the simply supported beams is lacking, we have as-
gradient. This seems a critical result since parallel sumed that both top and bottom in tension tests
beam tests come closest to approximating in-situ were performed. The part of his Figure 62 (p. 120)
ice tests and are the ones most likely to yield realis- relating to freshwater ice tests is reproduced here
tic values of the effective flexural strength and (Fig. 27) to indicate the excellent agreement with
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Figure 2 7. A Comparison of data from Figure 28. Flexural strength data of isothermal
several sources relating the flexural beams from the current series of tests (dashed
strength of isothermal simply supported curve) compared with small beam tests on lake
beams to the temperature of the ice. AMl and river Ice. Diagram &s adapted from Weeks and
data based on small beam testing of S2 type Assur (1909). Data sources am,- 1) Frankenstein

ice sheets grown in laboratory test tanks. (1959), 2) Voitlkovkii (1960). 3) Wilson and Hareth
(19M8), Brown (1926) and Hitch (1959), 4) Butyagin

(19").

data (averaged values of top and bottom in ten, stir (1969) suggest it may be related to structural
sion tests) obtained in the current series of tests. differences in the ice that was tested, details of

The above comparisons were all made with ref- which were either omitted or not sufficiently docu-
erence to freshwater model ice tests conducted un- mented in the original reports. Structural differ-
der conditions very similar to those in the CRREL ences could bt either due to differences in original
tank. However, for completeness, a comparison growth textures (Sl or S2 type ice) or related to
with results from tests on simply supported ice thermal modification of the ice. This situation, in

:..'beams from a number of diverse field locations con~junction with results reported here on model
•would seem in order. In their review of the litera- freshwater ice, simply points up the need for re-
.. ture on the fracture of lake and sea ice, Weeks and searchers to diligently document the structural and

Assur (1969) devoted some space to discussing thermal characteristics of the ice they are testing if
fnrxural strength measurements of small beams. realistic evaluations of the mechanical properties
'heir Figure 39 (p. 49) summarizes data from a of ice sheets are to be obtained.

variety of sources plotted in terms of the flexural
trength versus temperature. A modified version

of their Figure 39 is reproduced here as Figure 28. CONCLUSIONS
Although all four data sets vary widely, for rea-
sons unknown, they do nevertheless indicate a Previous investigations (Gow et al. 1978) of the
trend towards increasing flexural strength with de- flexural strength of large beams of lake ice showed
creasing temperature, similar to results reported that the strength of the ic, depends appreciably on
here for simply supported isothermal beams. Our its temperature and crystalline composition. This
data set (averaged on the basis of all tests on S1 work has now been extended to studies under con-
and S2 ice) is also plotted in Figure 28. It perhaps trolled conditions in a refrigerated test tank where
conform~s closest with results obtained by Frank- measurements were made on freshwater model ice
enstein (1959) and Voitkovskii (1960). Reasons for sheets corresponding in structure to the two major
the disparate nature of much of the flexural ice types, SI and S2, encountered in frozen lake
strength data are not clear, though Weeks and As- water. SI ice, produced by spontaneous nuclea-
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tion of water at the freezing point, yields macro- because parallel simply supported beam tests, un-
crystalline ice sheets with predominantly vertical like those of conventional cantilever beams, are
c-axes. 52 ice is produced when the surface of the not affected by stress concentrations. According-
water is seeded prior to freezing; structurally it ly, they are the ones most likely to approximate
consists of vertically elongated, columnar crystals true in-situ ice testing and should yield reasonably
with predominantly horizontal c-axes. Using a realistic values of the effective flexural strength of
combination of beam tests, utilizing cantilever as floating freshwater ice covers. However, cantilev-
well as simply supported beams, we have been suc- er btam tests are simpler to perform and, if suitab-
cessful in determining independently the effects of ly corrected for stress concentration effects on the
grain size, crystal orientation, tension fiber tern- basis of data from the parallel simply supported
perature and temperature gradient on the flexural beam tests, should also yield reliable in-situ mea-

characteristics of freshwater model ice. Results of surements of flexural strength. Correction factors
major interest can be summarized as follows: of + 30 to 35% were obtained for SI ice with top

1. Comparative tests of in-situ cantilever beams and bottom in tension and for S2 ice with bottom
and of the same beams tested immediately after- in tension. For S2 ice with top in tension, a correc-
wards in three-point loading (so as to preserve in- tion factor of approximately + 100% is indicated
situ temperature profiles) showed that the sharply by our results.
terminated roots of conventional cantilever beams 4. Experiments with beam dimension changes,
activated a significant stress concentration and including increasing the width by 60% with re-
caused premature failure. This situation can be re- spect to the thickness, and with varying the length
lieved and (in most cases) substantially eliminated to thickness ratio from 7:1 to 10:- esulted in no
by drilling 10-cm-radius holes at the roots of the significant changes in flexural strengths of beams.
beams. A further significant feature of these corn- 5. Strain moduli, calculated from beam deflec-
bination beam tests was the virtual non-depeid- tion measurements, showed little dependence on
ence of flexural strength of the beams on the tern- either the temperature of the ice or the magnitude
perature of the fiber in tension. This situation ap- of the flexural strength. Average values ranged
plied to both top and bottom in tension tests over from 5 to 7 GPa for cantilever and parallel simply
the temperature range -I to -19 0C; strengths did supported beams and from 6 to 8 GPa for iso-
not exceed 1200 'Pa for conventional cantilever thermal simply supported beams.
beams or 1650 kPa for the simply supported
beams.

2. The highest flexural strengths were measured LITERATURE CITED
on isothermal beams tested in the simply support-
ed mode. Of these, fine-graiped columnar ice at Brown, E. (1926) Experiments on the strength of
the top of 52 ice sheets generally tested the strong- ice. Report of the Joint Board of Engineering, St.
est at any given temperature, with an average flex- Lawrence Waterway Project, p. 423-453.
ural strength of 1650 kPa at -I *C, increasing to Butyagim, I.P. (1966) Strength of ice and ice cover
nearly 2600 kPa at -19 0 C. However, five- to six- (in Russian). Izdatel'stvo Nauka Sibirskoe Otdele-
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APPENDIX A: FLEXURAL STRENGTH AND STRAIN MODULUS
MEASUREMENTS OF CANTILEVER AND SIMPLY SUPPORTE BEAMS
OF FRESHWATER MODEL ICE

Symbols and notations: T and B bw,'de beam numbers denote top and bottom in tension
tests, respectively; L, w and h denote the length, width and thickness of beams, respectively;
P is the failure load, d is the beam deflection, S is the calculated flexural strength and N is the
calculated strain modulus.

hi). 28, 1963 (-50C) Contilaw~
S I(m) w(m) h(m) P(ka) d(,m) S(kk) (G&)

I T 103.8 10.5 11.8 18.0 .102 760 4.5
2 T 104.1 10.5 11.8 19.4 .114 82M 4.4
3 T 105.4 10.5 11.8 15.0 .on 643 4.5
4 T 105.4 20.3 11.4 27.8 6545 T 106.6 20.0 11.1 27.0 .117 696 4.2
6 T 105.4 19.4 10.8 25.5 .127 700 3.8
7 T 106.3 20.6 10.8 27.8 .140 734 3.8
8 T 106.6 19.7 10.8 24.0 .127 690 3.8

Av. Sr- 7 * 58
Ave. Nr - 4.1 * 0.3

Nr. 1, 1983 (-5*C) Contilever

9
10 T 102.2 12.1 9.8 12.7 .097 657 4.8
11 T 101.6 12.1 10.0 15.0 .109 742 4.7
12 T 101.3 12.1 9.8 15.0 .112 746 4.8
13 T 101.6 12.1 9.8 14.6 .122 750 4.3

Ave. r - 724 * 45
Ave. - 4.7 * 0.2

iw. 1, 1963 (-5-C) leor.theml Simple Swport

NAM L(CM) w(CM) h(E) (KIM) d(mn) S(kfs) K((o)

14 3 101.6 11.4 10.5 90.0 106415 T 101.6 12.1 10.5 131.9 1554
16 T 101.6 11.4 10.5 123.8 1496
17 B 101.6 12.1 10.5 97.7 1226
18 B 101.6 11.9 10.4 91.4 1116
19 T 101.6 11.8 10.2 126.0 1552
20 B 101.6 11.6 10.5 97.7 1216
21 S 101.6 10.5 11.4 100.4 937*
22 S 101.6 10.3 11.4 90.0 953*
23 A 101.6 10.2 11.0 81.0 1041
24 T 101.6 10.2 11.1 136.3 1561
25 A 71.1 10.5 6.4 61.7 1475
26 T 71.1 10.5 6.4 77.9 1979

Ave. ST- 1629 *197; Ave. SB - 1190 *159

'•Sdm"y. Tat
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Urn? I (amt.)

N-. 4, 193 (-30) Cmetilm

amN Wtas) W(m) h(a) POW) d(m) g(bve) 3(/k)

"27 T 111,8 11.3 10.3 10.9 .107 39 4.5
28 T M 111. 1.1 10.3 11.0 .112 612 4.4
29 5 111.A 11.6 10.3 13.6 .147 C.0
30 B 109.2 11.8 10.3 11.3 .114 SW 3.9
31 I 110.5 11.4 10.1 12.1 .127 i 4.4
32 T 111.6 11.4 10.0 11.2 .12 463 4.3

Ave. ST - 617 t 24; Ame ob - "G6 * 24
Awe. ft 4.4 0. 1; Ms. IS - 4.1 tO. 3

,N. 7, 1963 (-17"C) leothKm i SWIape SUpot

33 A 101.6 10.0 10.4 94.3 1294
34 T 101.6 11.1 10.1 l#4.0 .041 1683 7.9
35 T 101.7 11.3 10.2 147.2 .063 15U2 5.9
3b 5 101.6 10.8 10.0 68.2 .= 1001 7.2
37 T 101.6 11.4 10.1 147.2 .051 1901 6,3
38 T 101.6 11.1 10.2 147.2 .032 1967 8.4
39 8 101.6 11.5 9.9 5.9 .M 1342 7.9

Aft: Sr - 1624 *1191 hom. SB - 1262 *134
Ave. Dr- 7.6 *1.1. Ave, 7.6 *0.5

•- 4W eater bretk moeedI8 10 aM.

;.... (Sm~)

t'hr. 28. 1983 (-5*C) Cmconilvet Parallel StmpLe &ipot

BeM L(m) v(m) h(m) Pfet) d(m) S(ku') K((W) fN L(am) w(m) b(m) ?(ba) d(a) S(kft) 3(Gt)

1 RROO*DE M.I~R4~ION 1 Used fte leotbeel. I*Ate, Her. 29
2 T 97.0 10.4 11.3 19.3 .117 828 3.9 2
3 T 97.0 10.4 11.2 14.2 .089 626 3.9 3
4 T 96.7 10.0 11.0 11.3 .074 529 4.1 4 T 71.1 10.1 10.8 135.0 1229
S T L90KE AT (MACK 5 mo
6 T 95.7 11.1 10.9 14.4 .099 613 3.5 6 T 71.1 11.1 10.9 156.6 1272
7 T 95.3 10.3 10.8 12.5 .097 579 3.4 7 T 71.1 9.9 10.6 165.2 1364
8 T 95.3 9.3 10.6 14.4 .125 771 3.5 8 T 71.1 10.0 10.3 106.9 712 +
9 T 96.5 10.2 10.9 14.0 .112 655 3.3
10 9 .N51o 0 1m. ST - 1361 t194

12 a 94.5 10.9 11.0 14.3 .066 616 4.9 Bmses 11. 12 ad 13 used lor Isothermal Teste. Nor. 29
13 u Ott bome not tested.
14 B 95.5 10.5 11.0 16.0 .079 696 5.0
s15 B 95.0 10.5 11(. 16.8 .006 727 4.7

"16 B 95.5 9.2 10,9 15.4 .089 779 5.0
17 T 96.0 9.5 10.8 14.6 .084 731 5.0
18 T 96.0 11.5 10.8 17.6 .089 730 4.7

Ave: ST-673*97; Ave SB - 705 *68
"Ave ET - 3.9 t0.6; Ave. EM - 4.9 *0.1

"M. 29. 1983 (-S*C) I.othegu•a Staple Sfpfort

I T 101.6 10.4 11.1 135.0 .053 1629 4.6
S2 T 71.1 10.0 11.0 184.5 1630

3 T 71.1 10.0 11.0 132.8 854+
11 a 71.1 9.8 10.6 135.0 .023 1316 4.4
12 a 71.1 10.0 10.1 152.1 1278
13 5 71.1 9.8 10.6 150.3 .018 1390 6.3

Ave.•ST i 1630 ti Ave. S• - 1324 * 52
Aw. ST- 4.6 ; Ave. RS- 5.4 1.3

40ff center Week eceediri lO
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-am~ ini' at.)

Nor-. 29. I93 (-S*C) Cmtilewr l'mrllol Simple $*Igeo

NEW L(m) w(m) h(m) PI() d(m) 8(ON) (K ) SON L(m) w(m) h(cm) P(FS) d(m) S(kf,) E(GWe

19 Now 19 B 101.6 11.5 12.1 104.4 .015 gee 83. t
20 1 105.5 11.5 11.8 17.9 .173 711 2.5 20 3 101.6 11.3 12.2 117.5 1092
21 B 107.0 11.2 11.7 17.6 a0m 723 .5 21 3 101.6 11.0 12.0 113.0 .013 1070 11. t
22 S 107.0 11.4 11.9 1832 .061 793 5,6 22 a 101.6 11.5 12.6 117.5 1024
23 B 107.5 11.0 12.0 19.0 .097 757 5.0 23
24 A 106.5 11.0 12.0 17.4 .097 66S 4.5 14 LMM
25 T 109.0 11.2 12.0 17.6 .071 7M0 6.5 23 T 101.6 11.6 12.3 217.4 .023 1906 9.2
26 T 109.5 11.6 12.0 20.9 005 26 T 101.6 11.8 12.3 135.0 .03A 160" 3.7
27 T 108.5 12.2 12.0 20.1 .097 al 4.9 27 T 101.6 11.9 12.1 217.4 .053 1921 5.0
26 T 109.0 11. 12.0 22.3 5127 4.53 2
29 T 109.0 11.5 11.3 19.5 .104 733 3.0 29 s
ST I9.0 11.7 11.5 19.0 .109 736 5.0 30

AV%:ST 77 * 51 Ae 0A - 17 26ANS: ST - 1610 *1791 *a. 9B 1043 *47
Me li 5.2 t0.1 Anve. 1.4.6 *1.3 Ave. f- 6.7 t2.3

tlaultF y owpeorti tal . mmiwelin.

3111 L(as) w(mm) h(cm) F(ks) d(M) SUkt) SONe 331 LOW) w(CM) b(.) eft) d(CM) SWP. RONF

31 T 110.0 11.5 12.0 19.5 761 31 Und in teoefl Sere Toots , Ap. 1
32 T 109.0 11.5 12.0 14.9 578 32 T 101.6 11.7 12.3 139.5 850 +

33 T 110.0 12.0 11.9 16.1 6G9 33 T 101.6 11.3 11.9 147.2 1373

34 T 110.0 11.8 11.8 16.3 640 34 T 101.6 11.7 11.8 149.9 1462

35 T 110.0 11.5 11.4 13.6 589 35 T 101.6 11.6 11.9 157.5 1490

36 T 109.5 11.5 11.5 15.9 672 36 T 101.6 12.1 11.9 165.2 1497

37 T 109.5 12.1 11.7 15.1 500 37 T 101.6 11.4 11.3 161.1 1525

38 T 109.5 11.4 11.7 12.7 532 36 Used In 1u108101 M t8 . 1
39 s 108.5 11.3 11.7 17.8 702 39 A I
40 a 106.5 11.9 11.5 13.9 767 40 a 101.6 12.2 11.4 71.1 733
41 B 109.0 12.1 11.2 19.3 814 41 a 101.5 11.5 11.4 04.2 916
42 a 111.0 10.7 11.0 12.7 639 42 3 101.6 11.2 11.1 85.5 907

43 5 111.0 12.8 11.0 14.2 597 43 5 101.6 11.9 11.1 70.7 827

44 3 .11.0 11.5 11.0 12.7 594 44A Und In i IBOOM T•s, Awt . 1

45 a 111.0 10.5 10.2 13.2 709 45

Ave. ST - 622 *71, Ave. SB - 689 MK Avw. ýS• 1469 *53; Ave. S• -A846

40ff center brook We S 10 cm.

Apr. 1. 1983 (-1OC) ieotheaul Siaple Sqpwo feglel Simple S&Wort

3111 L(cm) w(cn) h(cm) P(Ira) d(mm) 3(kft) U(Mia) MW1 L(m) v(cm) b(m) P(I%) d(cm) SQkft) (P

31 T 101.6 11.4 12.4 217.4 1180 +
3 T 101.6 11.8 11.5 143.5 1049 +
39 a 101.6 11.5 11.5 131.9 .058 1357 3.3
46 5 I10.6 11.5 10.7 106.7 .0o6 1190 4.2
45 T 101.6 11.3 10.6 121.5 .053 1495 4.4

Ave. ST - 1495; Ave. Ss - 1273 *113
Ave.IT- 4.4; Ave. 1B- 3.833.6

Apfr. 1. 1963 (-!0*•) Cmt~lww~

46 T 110.0 11.8 11.2 16.7 727 46 T 101.6 11.8 11.7 300.0 2833+

47 T 110.0 11.5 11.0 16.3 756 47 T 101.6 11.7 11.3 210.2 1995

A4 T 110.0 11.5 11.0 17.4 .114 809 5.2 48 T 101.6 12.0 11.5 161.1 .112 1578 2.0

49 T 110.0 11.9 11.0 16.7 .109 747 5.1 49 T 101.6 11.4 11.5 142.7 .097 1472 2.2

50 T 110.5 11.3 11.3 14.6 652 50 T 101.6 12.1 11.3 183.6 .053 1688 4.5

51 Br1 1 51 T 101.6 11.5 11.9 180.0 .102 1417 2.3

52 T 110.5 11.9 11.8 17.4 682 52 T 101.6 12.0 12.2 225.0 .066 1391 + 4.0

53 T 1-0,5 11.6 11.5 19.9 .102 772 5.9 33 T 101.6 12.0 12.3 131.4 .041 96 3.7

5 A 109.5 11.7 12.2 13.5 573 54 5 101.6 11.9 12.0 108.9 .34 950 2.1

55 s 106.5 11.6 12.2 18.9 69 55 3 101.*6 11.8 12.2 113.9 .066 970 3.0

56 &qm 56 B 101.6 12.0 12.3 85.5 .036 728 2.6

57 a 103.5 11.3 12.2 20.3 .099 789 5.1 57 B 101.6 12.0 12.6 117.0 .041 973 3.1

56 B 109.5 10.8 12.0 19.9 752 538 101.6 12.1 12.5 111.6 .046 960 2.6

59 a 108.5 11.9 12.1 20.8 762 59 B 101.6 11.9 12.3 103.5 .036 890 3.3

Sa 108.5 11.7 12.1 20.3 .099 757 5.0 60 B 101.6 11.8 12.0 121.5 .061 1126 2.5

61 5 106.0 11.4 11.9 21.3 837 61 B 101.6 11.8 12.2 85.5 .036 663 2.9

62 B 106.0 11.6 11.9 19.4 .099 749 5.0 62 5 101.6 11.8 12.3 90.0 .043 809 2.2

Amoe ST - 734 *53. Aw:S.s-
739 t 7 Ave Sr -15213OM; AV* S - M tl43

Ave. - 5.4 tO.4; Ave. 1B - 5.0 j.1 e.ve: - 2.9 *1.1; Ave: -2.733.4

ioif cactet brok •a•dcltng 10 cm.
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mIEw a(at.)

Apr. 4, 1983 (-1900 ctilever POl1e*1 Stwap bq~port
W1AN LOW) WWm MOO) PO d(m) S(hle) I(OWe N L(m) w(ok) h(.m) P(Ws d(m) 8S~ke) It((m)

63 T 110.0 11.4 12.8 19.9 43 sonNa pa PRIM IDI?
04 T 110.5 11.7 13.0 23.6 77 "1 W W I

60 T 1 45 " " "
ST 103.5 11.1 13.A 10.4 353 + 66 . " "
67 Mam= 14UeIMUN 67 T 101.6 11.9 13.2 161.1 1213
G6 T 111.0 12.4 13,0 30,7 is? 64 T 101.6 11.9 13.2 255.2 139
0 T 109.5 11.2 12.9 24.0 so 69 T 101.6 11.6 13.3 172.4 1308
70 T 110.0 12.2 12.7 3U.2 1010 70 T 101.6 12.0 13.0 225.0 17M
?1 6 109.2 12.0 13.3 19.4 5" 71 a 101.5 11.7 13.' 112.5 852
72 B 110.0 12.0 13.1 23.0 .091 742 5.0
73 6 110.2 11.4 13.3 24.1 m 7 3 101.0 12.1 13o2 10.0 M74 a 110.0 11.9 03.1 21.3 .04 674 $.0 74 3 101.5 11-8 13.0 90.0 728
7 B 109.8 12.0 13.0 16.1 312 n 1 101 *5 11.9 11*6 93*2 I
7 a 110.0 11.5 12.8 n.°7 72 76 a 101.6 it11.8 12.1 100.4 0
77 8 110.5 11.8 12.7 21.3 m 77 a 101.5 11.8 12.4 91.4 1110
7 B 110.0 11.8 12.5 19.4 68 78 9 101.6 11.6 12.4 104.9 935

Aft: ST - 859 *131, Ave. So - 68 t9O Ave. St - 1537 *37; Ave. B - 22 t77
Ak e.m -5.0* 0
4f cmettr Weak u.ii 10 ca.

m 3

Apr. 11. 1993 (-5C) Cmtwevnr Vmuel Stmle wore t

1mm L(ms) w(in) h(cm) P(kg) d(cm) S(hke) B(Gft) urn L(m) w(in) h(m) P(Wg d(m) S(kNa) 19(Ge

1 T 106.4 10.2 9.5 15.9 .127 1100 7.2 1 T 101.6 10.2 9.5 79.5 .003 1324 5.4
2 T 109.0 10.5 9.5 12.5 .114 843 0.2 2 T 101.6 9.9 9.7 78.0 .040 1253 5.5
3 T 110.0 9.7 9.2 11.2 .102 879 7.0 3 T 101.0 9.7 9.9 75.0 .051 1249 4.0
4 T 110.0 10.0 9.0 14.0 .127 1022 6.8 4 T 101.6 10.0 10.0 75.0 .AM 1068 4.5
5 T 109.5 10.5 9.8 11.5 .102 736 5.9 5 T 101.6 10.5 9.9 85.5 ,060 1262 5.4
6 T 109.0 10.0 9.7 12.9 .10 677 6.6 6 T 101.6 10.8 10.0 75.0 .01A 1107 4.1
7 T 109.0 11.1 9.7 13.8 .111 868 6.2 7 T 101.6 11.0 10.0 84.0 .049 11"8 4.0
8 T 106.0 10.1 9.7 11.9 .102 803 6.4 6 T 101.6 10.1 10.1 90.0 .OA 1270 4.6
9 8 106.5 10.5 9.6 20.8 .165 1305 6.7 9 MIMW UW lI0NON
10 B 100.0 10.3 9.8 15.1 .124 975 6.3 10 3 101.6 10.0 10.0 70.5 .019 919 8.0
11 8 108.0 10.0 10.0 16.0 .102 1160 6.7 11 B 101.6 10.7 10.5 68.5 .032 1187 5.7
12 11 106.0 10.9 10.0 24.2 .164 1410 6.0 12 5 101.0 10.4 10.5 62.5 .0M3 993 5.3
13 B 106.0 9.6 10.0 16.5 .130 1094 6.5 13 3 101.6 10.7 10.7 100.5 .035 1274 6.014 • 106.0 10.2 10.2 17.0 .133 1016 5.6 14 5 101.15 10.0 10.6 61.0 .035 1071 4.7
15 a 106.0 9.7 9.9 19.4 .140 1295 7.3 15 5 101.6 10.5 11.0 96.0 1192
16 1 106.5 10.3 10.0 16.6 .111 1026 7.3 16 5 101.0 10.4 11.1 96.0 .038 1160 4.5

Ave. ST - M *118; Ave.SE - 1165 *169 kn. Sr - 1215 * M; Ave. SB - 1114 *125
Avef -6.6 *0.6; Ave. % - 6.8 *0.9 Ave. DT - 4.7 *0.7; Ave. B- 5.7 *1.3

Apr. 12. 1963 (-1 "C) alotheiml Stmple Slport

17 5 101.0 10.6 9.5 75.0 .068 1223 4.3
18 T 101.6 11.2 9.3 70.5 .033 1162 6.1
19 9 101.6 11.4 9.3 88.5 .068 1389 5.2
20 5 101.0 10.0 9.3 67.5 .041 1229 5.3
21 B 101.6 10.5 9.4 99.0 .054 1622 5.4
22 T 81.3 10.6 9.6 97.5 .033 1209 4.2

Ave:Sr - 1196 *33; Ave. SB- 13660*187
Ave. fi - 5.2 t*.3; Ave. Is - 5.1 *0.5
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3UERT 3 (Omit.)

Apr. 12, 1983 (-I*C) Canati lever Parallel Simple Support:

BEAM L(am) w(a.) h(cs) P(kg) d(as) S(kPa) E(Ga) B3M L(,,) w(am) b(s) P(kg) d(cs) S(kpa) E(GPa)

23 T 107.0 10.6 10.5 18.9 .106 1023 6.9 23 T 101.6 10.1 11.0 61.0 .024 1053 6.5
24 T 102.0 10.5 10.5 18.9 .102 960 6.3 24 T 101.6 10.8 10.9 93.0 .032 1147 5.3
25 T 105.5 10.9 10.6 18.9 .098 958 4.5 25 T 101.6 10.8 10.9 90.0 .035 988 4.7
26 T 106.0 11-1 10.7 16.1 788 26 T 101.6 11.3 10.9 96.0 .030 1026 5.6
27 T 105.5 10.5 10.6 16.1 .098 843 4.0 27 B 101.6 10.9 11.0 114.0 .041 1227 4.9
28 T 108.0 10.5 10.3 16.7 .102 949 4.9 28 T 101.6 10.3 10.8 77.9 .033 1034 4.1
29 T 102.5 10.3 10.4 16.3 .105 880 5.7 29 T 101.6 10.7 10.6 90.0 .030 1052 6.1
30 T 105.5 11.6 10.3 24.6 .158 1239 5.7 30 T 101.6 11.7 10.5 100.5 .029 1177 6.6
31 B 104.5 10.0 10.0 17.8 .124 1092 6.4 31 B 101.6 10.0 10.5 72.0 .037 1042 4.3
32 B 102.0 9.6 9.9 17.5 .146 1185 5.4 32 B 101.6 10.3 10.0 78.0 .032 1045 6.1
33 B 104.5 10.7 9.6 16.6 .137 1031 5.7 33 B 101.6 10.5 9.9 84.0 .040 1290 5.3
34 B 105.0 9.5 9.9 15.6 .152 1034 5.1 34 B 101.6 10.2 9.6 84.0 .043 1407* 5.6
35 DROK4 35 3ROKE
36 B 106.0 9.9 9.2 12.3 .130 914 5.7 36 B 101.6 10.1 9.5 54.0 .027 871 5.9
37 1 104.5 10.2 9.1 15.3 .196 1114 5.7 37 B 101.6 10.1 '9.0 70.5 .046 1098+ 5.3
38 B 88.0 10.5 9.1 15.3 911 38 B 81.3 10.5 9.2 78.0 .032 922 3.9

Ave. ST - 958 *13"; Ave. SD - 1040*102 Ave. Sr - 1068 * 68; Ave. SB - 1066 *165
Ave. T - 5.4 *1.0; Ave. 1B - 5.7 *0,4 Ave. Sy - 5.6 *0.9; Ave. EB - 5.1 *0.8

Apr. 13. 1983 (-10"C) Isothermal Simple Sqpport

39 B 101.6 11.2 10.2 123.0 .038 1151+ 7.0
40 T 101.6 10.9 9.8 130.5 .056 1786 5.9
41 T 101.6 11.1 9.4 108.0 .057 1737 5.2
42 B 101.6 11.3 9.4 123.0 .064 1914 5.3
43 B 101.6 11.4 10.2 126.0 .045 1671 6.0
4 44 T 81.3 12.0 10.2 172.5 .032 1695 5.6

Ave. ST - 1739 * 46; Ave. SB - 1793 *172
SAve.•r - 5.6 0.4; Ave. 1- 5.7 *0.5
*Side••ys Test

-. O. Off center break exceeding 10 cm.

SApr. 13, 1983 (-10'C) Cantilever Parallel Simple Swport

BEM L(as) w(ca) h(aa) P(kg) d(m) S(kPa) E(Ga) BEAM L(m) w(wm) h(cm) P(kg) d(as) S(kPa) E(OWa)

45 45
46 T 108.0 11.2 9.9 16.5 .130 952 5.X 46 T 101.6 11.3 9.3 88.5 .029 1348 8.7
47 T 105.0 '1.6 9.6 13.6 .102 786 5.9 47 T 101.6 11.1 9.8 76.5 .033 1080 5.7
48 T 106.0 11.0 9.7 13.1 .095 794 6.4 48 T 101.6 11.3 10.0 79.5 .052 1059 3.5
49 T 106.5 11.6 9.6 12.9 .095 753 6.2 49 T 101.6 11.1 9.9 78.0 .033 1141 5.6
50 B 106.0 11.0 9.6 18.7 .140 1151 6.4 50 B 101.6 11.7 9.9 90.0 .041 1196 4.9
51 B 105.0 11.0 9.9 19.9 .156 1137 5.4 51 5 101.6 10.9 9.7 91.5 .038 1405 6.2
52 B 105.5 10.7 9.5 20.3 .165 1306 6.2 52 8 101.6 11.5 9.7 82.5 .043 1193 4.7
53 B 103.5 11.9 9.5 22.2 .175 1264 5.4 53 B 101.6 11.0 9.7 91.5 .037 1392 6.4
54 T 105.0 10.6 9.3 7.6 .061 509 + 6.7 54 B 101.6 11.3 9.7 91.5 .057 1193 4.0
55 T 106.5 10.6 9.1 11.7 .108 836 6.4 55 T 101.6 10.8 9.6 60.0 .045 973 3.6
56 T 104.3 11.0 8.9 9.1 662 56 T 101.6 11.2 9.2 75.0 .051 1270 4.3
57 T 106.5 11.6 8.8 13.1 .080 910 9.9 57 T 101.6 10.9 9.2 81.0 .041 1402 5.9
58 T 106.0 11.0 8.8 12.3 899 58 T7. 101.6 11.9 9.2
59 B 106.0 10.9 8.9 16.1 .159 1160 6.2 59 B 101.6 10.6 9.2 57.0 .030 1025 5.9
60 1B 106.5 10.2 8.9 14.4 .137 1114 6.9 60 B 101.6 10.7 9.0 61.5 .038 1110 5.3

; Ave. ST- 82 4 * 95; Ave. Sb - 1188 * 77 Ave. ST- 1182 *161; Ave. SB - 1217 *138
* Ave. Fr - 6.8 *1.6; Ave. Eb - 6.1 *0.6 Ave. Dy - 5.4 *1.6; Ave. EB - 5.2 *1.0

Apr. 14. 1983 (-19"C) Isothermal Simple Support

61 B 101.6 11.3 8.9 120.0 .064 1941 6.0
62 T 101.6 10.2 8.6 91.5 .043 1838 8.4
63 B 101.6 11.4 8.3 121.5 .066 2303 7.3
64 T 101.6 11.0 8.5 88.5 .054 1662 6.2-•65 B 101.6 11.0 8.5 108.0 .0364 2071 6.4

6 T 101.6 11.0 8.5 85.5 .050 1609 6.5
67 B 101.6 11.2 8.5 114.0 .066 1937 6.5

Ave. ST - 1703 *120; Ave. S - 2063 *172
Ave. Dy- 7.0 *1.4; Ave. ,B - 6.6 *0.5
+Off cent ar break exceeding 10 am.
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Sar 3 (Oc.)

Apr. 14, 1983 (-19C) Cmntilever Parallel Simple Support

DE L(am) w(m) h(m) P(kg) d(im) S(kPa) 3(GP&) DEAM L(am) w(m) h(am) P(cg) d(m) S(kPa) E(G(a)

68 T 107.5 10.6 12.8 22.7 .095 826 5.4 66 T 101.6 10.9 12.0 97.5 862
69 T 108.0 11.4 12.7 27.4 .189 947 5.8 69 T 101.6 10.4 12.0 108.8 1143
70 T 107.5 10.7 12.1 19.9 .125 733 4.1 70 T 101.6 10.4 11.6 105.0 1146
71 T 107.0 10.8 10.9 19.9 .122 973 5.6 71 T 101.6 11.0 11.6 96.0 1014
72 T 107.0 11.5 11.0 23.6 .138 1069 5.4 72 T 101.6 11.3 11.4 127.5 1230
73 T 107.0 10.9 11.0 19.9 .106 963 6.2 73 T 101.6 11.5 11.5 116.2 959+
74 T 104.5 11.2 11.2 8.0 .042 351 # 5.4 74 T 101.6 10.9 11.8 101.3 1040
75 B 99.0 10.5 11.5 24.6 .157 1030 3.7 75 B 91.4 11.4 12.0 153.8 1305
76 B 107.5 11.5 11.5 29.8 .134 1238 6.2 76 B 101.6 11.4 12.0 150.0 1423
77 B 107.5 11.5 11.6 24.1 .073 1002 9.0 77 B WMflDIJMLAUCMON
78 B DNEM 78 B 81.3 11.4 12.0 198.8 1484
79 B 107.5 11.7 11.8 27.9 .131 1092 5.4 79 B 101.6 11.1 12.0 120.0 1174
80 B 107.0 11.4 12.0 26.0 .115 996 5.5 80 B 101.6 11.0 12.0 161.2 1386
81 B 100.5 10.6 11.8 30.7 .134 1293 5.2 81 B 101.6 11.6 12.0 161.2 1500
82 B 106.5 11.5 11.8 37.8 .173 1479 5.5 82 B 101.6 11.0 11.8 131.3 1i25
83 B 106.0 10.8 11.5 29.8 .173 1306 4.9 83 B 101.6 11.1 11.6 150.0 1561
84 B 106.5 11.1 11.4 24.1 .118 1047 5.9 84 T 101.6 11.0 11.4 108.8 1018

Ave. ST - 922 *121; Ave. Sj - 1164 *171 Ave. ST - 1064 *120; Ave. Sit - 1382 *137
Ave. ET - 5.4 t0.7; Ave. -g a 5.7 *1.4

Apr. 15, 1983 (-5"C) Isothermal Simple Support

85 B 101.6 11.0 12.3 232.5 1527 +
86 B 101.6 11.1 12.3 172.5 1394

Ave. SB - 1394

40ff center break exceeding 10cm
#Crack in ice sheet

SHE'r 4
(SWMM)

Apr. 25, 1983 (-1"C) Cantilever Parallel Simple S pport

BEAM L(cm) w(cm) h(cm) P(kg) d(am) S(kPa) E(G0') MMAN L(am) w(am) h(in) P(kg) d(cm) 8(k1G) 3(G'.)

1 T 87.0 14.3 8.3 14.7 .092 761 5.0 1 T 81.3 13.9 8.4 112.5 1424
2 T 86.5 13.5 8.8 14.6 .114 708 3.5 2 T 81.3 13.7 8.5 115.5 1447
3 T 87.0 14.0 8.4 14.6 .108 754 4.2 3 T 81.3 13.9 8.5 129.0 1587
4 B 88.0 13.1 8.4 12.9 .105 720 4.2 4 B 81.3 13.4 8.8 87.0 1052
5 B 86.5 14.0 8.4 15.7 .114 808 4.2 5 8 81.3 13.9 8.8 90.0 1050
6 B 84.0 13.9 8.5 18.2 .140 893 3.5 6 B 81.3 13.8 9.0 97.5 1092
7 T 87.0 8.7 8.6 9.5 .092 752 4.8 7 T 81.3 9.3 9.0 104.9 1674
8 T 87.0 8.8 8.8 11.7 .121 880 4.2 8 T NESS
9 T 86.8 8.4 8.9 8.7 .086 667 4.4 9 T 81.3 8.4 9.2 87.0 1511
10 B 86.5 8.7 8.9 10.4 .105 768 4.1 10 B Bra
11 B 87.0 8.8 8.9 10.6 .105 777 4.2 11 B 81.3 8.2 9.3 57.0 879
12 B 87.0 8.8 8.8 10.2 .098 766 4.5 12 B 81.3 8.9 9.4 60.0 959

Ave. SB - 754 * 72; Ave. S - 789 * 88 Ave. ST - 1529 *103; Ave. SB -1006 * 86
Ave, Fr - 4.4 *0.5; Ave. EB -4.1 t0.3

Apr. 27. 1983 (-1C) Isothermal Simple Support

13 8 91.4 10.4 7.9 62.2 1345

14 B 91.4 9.8 7.7 54.8 1239
15 B 91.4 9.9 8.0 61.7 1380
16 T 91.4 10.2 8.2 104.5 2005
17 T 91.4 10.0 8.2 104.5 2157
18 B 91.4 9.7 8.2 62.2 1306
19 T 91.4 10.2 8.3 107.0 2114
20 B 91.4 10.0 8.5 26.4 1257
21 B 91.4 9.8 8.7 59.7 1076

Ave. ST r 2092 *78; Ave. SD - 1268 *108
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SHUT 4 ((omt.)
(SEM)

Apr. 28, 1983 (-5"C) Isothermal Simple Support

BFAM L(am) w(c-) h(,m) P(kR) d(im) S(kPa) E(Q'a)

22 B 91.4 9.5 7.6 74.7 .065 1903 5.1
23 B 91.4 9.7 7.4 71.7 .043 1848 8.0
24 B 91.4 10.3 7.2 76.7 .057 2014 6.5
25 T 91.4 9.9 7.2 79.7 .062 1958 6.5
26 T 91.4 10.0 7.7 119.5 .090 2780 5.4
27 T 91.4 9.7 7.8 99.5 .078 2066 5.2
28 T 91.4 9.8 7.9 97.1 .075 2043 5.0
29 T 91.4 10.3 8.0 131.9 .076 2759 6.1

Ave. Sr - 2321 A411 Ave. So - 1922 * 85
Ave. Fir - 5.6 *0.6; Ave. EB - 6.5 t1.5

Apr. 28, 1983 (-10"C) Ctilw.ever

30 T 107.0 9.8 10.3 11.3 .089 687 5.7
31 T 107.5 10.0 10.2 12.3 .092 758 6.1
32 T 107.5 9.9 10.2 13.2 .130 816 4.7
33 B 107.5 10.5 10.0 13.7 .133 825 4.8
34 B 108.0 9.6 9.8 11.3 .121 793 5.1
35 B 106.5 10.4 9.8 12.3 77136 B 77.0 9.9 10.1 19.4 .060 869 4.3
37 B 77.5 9.8 10.1 16.1 .070 733 4.2
38 B 76.5 10.0 10.0 19.9 .086 897 4.1
39 T 77.0 9.9 10.0 16.5 .089 768 3.4
40 T 76.5 9.8 9.7 16.5 .089 811 3.6
41 T 76.5 10.0 9.7 15.6 .080 753 3.8

Ave.S-766*47;Ave. SR- 815 * 61
Ave. ET - 4.5 *1.1; Ave. EB - 4.5 tO.4

Apr. 29, 1983 (-10"C) Isothermal Simple Support Parallel Simple Support

BAM L(aa) w(,") h(a.) P(kg) d(am) S(kPa) EQ(a) BEWM L(cm) w(cm) h(cm) P(kg) d(,") S(kPa) E(G(a)

42 T RCUtDE RM.ALF.TIUN
43 T 101.6 10.1 10.5 194.1 .067 2670 6.4
44 T 101.6 10.1 10.4 201.6 .102 28'"4 4.5
45 B 101.6 10.1 10.3 124.5 .056 1802 5.246 B 101.6 9.9 10.4 124.5 .087 1700 3.3
47 B 101.6 9.9 10.3 117.0 .061 1740 4.6
48 B 71.1 10.1 10.0 184.2 .065 1591 2.5
49 B 71.1 9.5 10.2 166.8 .064 1722 2.3
50 B 71.1 10.5 10.2 151.8 1486
51 T 71.1 10.0 9.7 219.0 .073 2493 2.9
52 T 71.1 10.0 9.7 224.0 .027 2488 8.0
53 T 71.1 9.9 9.7 234.0 .025 2563 9.0

•Ave. Sr - 2608:1t142; Ave. SS - 1674 ,115
A- -Ave -~. 6.2 t2.5; Ave. ES - 3.6 *1.3

"Apr. 29, 1983 (-10"C) Cantilever

54 T 110.0 12.0 9.0 11.8 .165 786 4.3 54 Boom
55 T 111.0 12.0 9.0 13.4 .178 902 4.6 55 T 101.6 12.0 9.6 94.6 .045 1136 5.2
56 T 110.0 11.5 9.0 13.6 .188 945 4.5 56 T 101.6 11.8 9.5 99.6 .056 1470 4.5
57 T 110.5 12.0 9.0 14.8 .197 986 4.6 57 T 101.6 11.6 9.5 89.6 .045 1351 5.2

"58 B 109.5 11.5 9.0 9.8 .137 680 4.4 58 B 101.6 11.0 9.5 62.2 .030 963 5.6
59 B 110.0 11.0 9.2 11.3 .156 788 4.4 59 B 101.6 12.3 9.5 72.2 .057 953 3.2
60 B 109.5 11.5 9.1 11.3 .143 767 4.7 W0 B 101.6 11.4 9.5 67.6 .038 1056 4.7
61 LR1KEN 61 Lq0K4

AveS1 " 905 t 86; Ave. BS - 745 t 57 Ave. S - 1319 *169; Ave. S -991 * 57
" Ave. Br- 4.5 t.1; Ave. EB - 4.5 t0.2 Ave. Er - 5.0 *0.4; Ave.: 4.5 t1.2
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&M 4 (Cant.)

(Sn)

May 2, 1983 (-19*C) Cantilever Parallel Simple Support

BEAN L(am) w(cm) b(cm) P(kg) d(cm) S(ka) R(GPa) BEM L(am) w(em) b(sm) P(kg) d(am) S(kPa) E(QPa)

62 T 110.5 11.2 9.4 15.1 993 62 T 101.6 11.2 9.8 141.9 .057 2126 6.1
63 T 110.0 11.4 9.6 16.7 .171 1025 5.1 63 RROSRIWMR AMMON
64 T 109.5 11.7 9.6 15.1 .156 903 4.8 64 to
65 T 109.5 11.8 9.8 16.6 .178 941 4.3 65 "I

66 T 109.5 11.7 9.8 15.1 .133 866 5.3 66 of

67 B 111.0 11.6 9.9 13.6 .130 783 5.0 67 "i

68 B 109.5 11.3 10.3 18.7 .184 1005 4.2 68 B 101.6 11.4 10.4 69.7 .022 912 6.2
69 B 110.5 11.5 10.0 16.6 .159 936 4.8 69 B 101.6 11.5 10.4 93.6 .040 1191 4.6
70 B 110.0 10.7 10.0 12.8 .116 773 5.4 70 T 101.6 11.2 10.5 114.5 .059 1449 3.9

Ave. ST - 946 t 65; Ave. SB - 874 t115 Ave. S - 1788 479; Ave. S -1052 t197
Ave. Fr - 4.9 *0.4; Ave. B - 4.9 tO.5 Ave. E - 5.0 tl.6; Ave. EB - 5.4 *1.1

May 2, 1983 (-190C) Isothermal Staple Suwyort

71 T 101.6 11.1 8.9 124.4 .057 2192 7.2
72 T 101.6 11.7 9.0 171.7 .075 2783 6.9
73 7 101.6 11.3 9.0 166.8 .071 2799 7.3
74 B 101.6 11.5 8.7 97.1 .038 1663 8.7
75 B 101.6 11.5 8.7 97.1 .048 1745 6.9
76 B 101.6 11.5 8.5 89.6 1692
77 B 101.6 11.3 8.9 82.1 .033 1665 8.0
78 T 101.6 11.3 8.7 139.4 .041 2514 11.8

Ave. ST - 2572 *285; Ave. SB - 1641 ±122
Ave. Fir - 8.3 t2.3; Ave. EB - 7.9 *0.9

May 3, 1983 (-50C) Isothermal Simple Support

BEAN L(am) w(,m) h(sm) P(kg) d(aa) S(k) E(GPa)

79 T 101.6 11.8 10.6 219.0 .097 2168 4.1
80 T 101.6 11.9 10.6 199.2 .070 2247 5.2
81 T 101.6 11.4 10.6 176.7 .054 2127 6.2
62 T 101.6 11.5 10.6 194.1 .056 2199 6.6
83 8 101.6 11.2 10.8 104.5 .027 1129 7.2
84 B 101.6 12.0 10.9 107.0 1185
85 B 101.6 11.2 10.8 129.4 .033 154 7.1
86 B 101.6 11.1 10.9 92.1 .030 1107 5.5
87 T 101.6 10.7 11.1 199.1 .051 2330 6.9

Ave. ST - 2214 78; Ave. S8 - 1241 *204
Ave. FT - 5.8 t1.1; Ave. KB - 6.6 *1.0

May 4, 1983 (-1 *C) Isothermal Simple Support

88 T 101.6 11.3 9.2 104.5 .049 1709 6.2
89 T 101.6 11.0 9.3 159.3 .064 2576 7.3
90 T 101.6 11.0 9.6 161.8 ".078 2456 5.5
91 810024
92 B 101.6 10.5 10.0 77.2 .021 1167 9.2
93 8 101.6 10.9 10.0 87.1 .030 1269 5.7
94 B 101.6 10.5 10.0 82.1 .032 1108 6.3
95 T 101.6 10.8 11.0 117.5 .027 1406 7.8
96 B 101.6 10.1 11.1 102.1 1070
97 T 101.6 10.4 10.6 134.4 .032 1749 8.7

Ave. ST - 1979 *509; Ave. SB - 1154 *k 87
Ave. ET - 7.1 *1.3; Ave. Eg - 7.1 *1.9
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fe- 5

ft 18. 1983 (-1'C) Canttlever Parallel Simple Support

BM L(am) w(sm) h(cm) P(kg) d(cm) S(kPc) E(Wt) DN L(sI) w(sm) h(m) P(kg) d(am) S(kPa) E(GFa)

1 T 107.5 11.1 9.0 12.8 .121 897 6.4 1 T 101.6 10.6 9.2 87.1 .033 1526 8.1
2 T 108.5 11.0 9.2 15.9 .152 1088 6.1 2 T 101.6 11.0 9.1 102.1 .054 1618 5.9
3 T 107.5 11.2 9.2 12.1 .111 807 6.1 ! T 101.6 11.2 9.3 92.1 .032 1572 8.3
4 T 108.0 10.6 9.2 13.6 964 4 T 101.6 11.0 9.5 89.6 .032 1395 7.7
5 T 106.5 11.8 9.2 18.7 .219 1174 4.4 5 T 101.6 11.0 9.3 104.5 .035 1717 8.7
6 T 108.0 10.8 9.2 15.1 .143 1051 6.2 6 153
7 3 107.0 11.0 9.2 14.4 .133 971 6.1 7 B 101.6 11.4 10.0 112.0 .041 1204+
8 B 95.0 11.5 9.6 14.8 777 8 B 91.4 11.0 10.1 104.5 1321
9 8 104.0 11.0 9.4 20.6 .181 1297 5.5 9 3 101.6 11.0 10.1 99.5 .076 1394 3.0
10 B 103.5 10.5 9.6 18.5 .162 1165 5.3 10 B 101.6 11.0 10.1 97.1 1361

Ave. ST - 997 t134; Ave. SB - 1053 t227 Ave. ST - 1566 *119; Ave. Sg - 1359 *37
Ave. ft - 5.8 tO.8; Ave. EB - 5.6 t0.4 Ave. Br - 7.7 1.1; Ave. EB - 3.0

Mw1Cf 1983 (-1C) Isothermal Stmple Support

11 B 101.6 9.9 8.5 107.0 .070 2317 6.4
12 B 101.6 10.6 8.5 104.5 2121
13 B 101.6 10.5 8.7 107.0 .062 1676 +
14 T 101.6 10.3 8.5 89.6 .040 1509 +
15 T 101.6 10.3 8.6 84.7 .035 1691 9.5
16 T 101.6 10.5 8.8 64.7 .030 1314 7.7
17 T 101.6 10.2 8.8 72.2 .038 1444 7.0
18 B 101.6 10.4 8.7 115.5 .059 2272 7.4
19 T 101.6 10.1 8.8 79.7 .035 1466 9.7

Ave. ST - 1479 *157; Ave. S - 2237 t103
Ave. Or - 8.5 *1.3; Ave. EB - 6.9 *0.7
+Off center break ezceedlng lOa.

May 19, 1983 (-50C) Contilever Parallel Staple Support

BEAM L(cm) w(a-) b(cm) P(kg) d(-m) S(kPN) E(GPa) BMA L(m) w(m) h(m) P(kg) d(cm) S(kPa) E(GP1)

21 T BMW 21 T 101.6 10.7 8.6 58.7 .029 1190 7.7
22 T 107.0 11.1 8.1 9.0 .118 776 6.2 22 T 101.6 11.4 8.4 73.7 .037 1289 7.7
23 T 107.5 11.0 8.0 10.2 .137 917 6.5 23 T 101.6 11.5 8.5 80.6 .035 1532 8.4
24 T 106.5 11.4 8.1 12.7 .175 1061 5.7 24 T 101.6 11.3 8.4 69.7 .029 1388 9.3
25 T 108.0 11.4 8.0 10.0 .140 872 6.1 25 T 101.6 11.3 8.4 77.2 .033 1529 8.9
26 B 107.5 11.1 7.8 12.3 .191 1150 6.0 26 B 101.6 10.9 8.4 51.8 .022 1089 9.2
27 B 107.5 10.9 7.7 13.6 1332 27 B 101.6 11.0 8.0 56.7 .029 1090 9.0
28 B 102.5 11.5 7.9 18.1 .222 1524 6.1 28 ISI
29 B 105.0 11.6 7.8 14.7 .261 1282 4.8 29 B 101.6 11.3 7.9 83.6 .052 1528 7.4
30 3 107.5 11.1 7.8 12.8 .194 1195 6.1 30 B 101.6 11.7 7.8 84.6 .051 1865 7.7

Ave. ST - 907 *119; Ave. SB - 1297 :146 Ave. ST - 1386 *150; Ave. SB - 1393 *376
Ave. MB - 6.1 *0.3; Ave. g4 - 5.8 *0.6 Ave. By- 8.4 *0.77 Ave. "g - 8.3 *0.9

May 19, 1983 (-50C) Isothermal Simple Support

31 ¶ 101.6 11.5 10.3 161.3 .041 '974 8.0
32 T 101.6 12.0 10.3 151.8 .038 1551 7.8
33 T 101.6 11.3 10.1 131.9 .037 1778 8.0
34 T 101.6 10.9 10.3 156.8 .045 2093 7.6
35 B 101.6 11.5 10.0 1344 .049 1816 6.1
36 B 101.6 11.3 10.0 119.5 .033 1478 8.2
37 B 101.6 11.4 10.0 149.5 .037 1930 9.2
38 B 101.6 11.9 10.0 161.8 .040 2060 8.8
39 B 101.6 11.1 10.1 156.8 .041 1974 8.5

Ave. ST - 1849 t237; Ave. 8B - 1852 *227
Ave. Hr - 7.9 t0.2; Ave. EB - 8.2 *1.2
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s11! S (Cet.)

(UNSMO)

May 20, 1983 (-19-C) Camtilever Parallel. staple SlLaport

BEAM L(cm) w(am) h(am) P(kg) d(co) S(kPa) I(G(W) BWAM L(m) w(m) h(m) P(kg) d(cm) S(kPa) E(Gfa)

41 T 108.0 11.6 10.8 18.5 .099 865 6.3 41 T 101.6 11.8 10.9 144.4 1602
42 T 106.5 11.7 10.5 18.5 .063 895 7.8 42 B
43 T 105.0 11.7 10.4 27.4 .181 1336 5.2 43 T 101.6 10.7 10.4 122.0 1641
44 T 106.0 11.5 10.4 8.5 .064 426 4.8 44 T 101.6 11.6 10.9 114.5 1305
45 T 106.5 11.2 10.5 23.2 .149 1175 5.7 45 T 101.6 10.9 10.8 109.5 1326
46 T B 46 T 101.6 11.4 10.8 122.0 1435
47 B 107.0 11.0 10.3 18.9 .135 1019 5.6 47 MO
46 B 98.0 10.6 10.3 22.2 .159 1138 4.5 48 B 101.6 11.0 10.7 104.5 1159
49 B 96.5 11.0 10.0 17.0 .124 877 4.4 49 so=
50 B ".0 10.6 10.0 18.9 .146 1038 4.6 50 8 91.4 10.7 10.1 112.0 1381
51 B 106.5 11.8 9.9 18.0 .137 973 5.5 51 B 101.6 11.8 10.5 114.5 1381
52 B 105.0 11.0 10.0 23.6 .188 1327 5.2 52 B 101.6 10.6 10.4 102.1 1396

Ave. ST - 940 *348; Ave. SB - 1062 *155 Ave. ST - 1462 *155; 1Vw. SB - 1329 *114
Ave. ft - 6.0 *1.2; Ave. EI - 5.0 *0.5

Hay 20. 1883 (-19"C) Isothermal Staple Support

53 T 101.6 10.8 10.2 134.4 1855
54 T 101.6 11.1 9.8 151.8 2010
55 T 101.6 11.4 9.7 151.8 2186
56 T 101.6 10.9 10.2 149.4 2035
57 B 101.6 11.2 9.6 161.8 2252
58 8 101.6 11.6 10.1 161.8 2111
59 B 91.4 11.4 10.3 1%.6 2153
60 B 101.6 10.9 10.0 149.4 1874
61 B 101.6 11.5 10.5 154.3 1741
62 B 101.6 10.9 10.4 166.8 1743

Ave. ST - 2022 *136; Ave. SB - 2026 *211

May 23. 1983 (-10UC) Cantilever Parallel Simple Support

BEAM L(am) w(cm) h(oa) P(kg) d(cm) S(kP&) E(G) BEAM L(ca) w(ar) b(m) P(kg) d(cm) S(kPa) E(G•)

63 T 107.5 11.5 11.0 21.3 .124 966 5.5 63 T 101.6 10.6 10.9 122.0 .037 1511 6.2
64 T 107.0 11.0 10.8 25.1 .143 1228 6.1 64 T 101.6 11.4 10.5 82.1 1043+
65 T 107.0 11.5 10.8 24.1 .137 1131 5.8 65 T 101.6 11.7 10.9 126.9 .025 1428 8.5
66 T 107.0 11.3 10.2 20.8 .124 1113 6.7 66 T 101.6 11.4 11.1 122.0 .032 1359 6.3
67 T 107.5 11.5 10.8 26.0 .152 1225 5.7 67 T 101.6 11.5 10.9 144.4 .043 1642 5.8
68 8 106.0 11.8 10.5 24.6 .149 1178 5.6 68 A 101.6 11.5 10.9 149.4 .035 1616 7.4
69 B 106.0 11.8 10.5 29.3 .172 1404 5.8 69 A 101.6 11.8 10.7 174.2 .038 1991 8.1
70 B 102.5 11.4 10.4 23.6 .149 1155 5.2 70 B 101.6 11.6 10.7 151.8 .03"j 1772 8.2
71 B 101.5 11.5 11.4 27.0 .178 1293 3.7 71 B 101.6 11.4 10.5 112.0 .077 1214 8.1
72 B 103.5 11.0 10.2 19.4 .133 1031 5.4 72 B 101.6 11.3 10.4 144.4 .A35 1831 8.3

Ave. ST - 1133 *107; Ave. SB - 1212 *142 Ave. ST - 1485 *122; Ave. S - 1685 *295
Ave. ET - 6.0 *0.5; Ave. EB - 5.1 *0.8 Ave. ET - 6.7 *1.2; Ave. EB - 8.0 *0.4

May 23, 1983 (-10"C) Isothermal Staple Support

73 T 101.6 11.4 12.9 256.4 2072
74 T 101.6 11.3 12.8 208.4 1735
75 T 101.6 11.8 12.9 255.7 1769
76 B 101.6 10.9 13.1 309.4 2523
77 B 101.6 11.4 12.5 246.2 1998
78 B 101.6 11.6 12.3 252.5 2206
79 T 101.6 11.9 12.1 230.4 2058
80 T 101.6 11.3 13.9 284.1 2007
81 B 101.6 11.5 14.0 249.4 1682
82 T 101.6 11.2 13.6 255.7 1909k - Ave. ST - 1925 *146; Ave. SB - 2102 *354

40ff center break exceeding lca.
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*Hr 6
* (SEME-W5D)

JA= 7, 1983 (-50C) Camtilever - Seeded

Test 01 - 10: No results because of defective load cell

June 7, 1983 (-5YC) Isothermal Simple Stptrt - Seeded June 8. 1983 (-5*C) Isothermal Simple Support - resed

BEA4 L(cm) w(ns) b(cm) P(Ia) d(cm) S(kPc) E(G(a) EA L(aa) w(m) h(sm) P(Ig) d(sm) S(kPa) E(GPa)

11 T 91.4 11.1 8.2 112.0 .065 1783 5.3 44 B
12 T 91.4 9.6 8.1 97.1 .056 2130 6.4 45 B 91.4 12.1 11.1 171.7 .027 1598 7.2
13 T 91.4 11.7 8.2 146.9 .076 2577 5.6 46 B 91.4 12.5 10.7 248.9 .038 2367 8.0
14 T 91.4 9.3 8,0 99.6 .062 2306 6.3 47 B 91.4 8.7 10.7 126.9 .028 1749 9.7
15 T 91.4 9.7 8.2 99.6 .059 2131 5.9 48 B 91.4 12.0 10.8 201.6 .035 1734 7.1
16 T 91.4 10.2 7.7 94.6 .059 2174 6.5 49 B 91.4 9.4 10.6 141.9 .032 1841 7.5
17 T 91.4 10.3 7.4 89.6 .059 1885 6.8 50 T 9-.4 12.0 10.8 186.7 .032 1855 6.7
18 8 91.4 10.7 8.0 62.2 .035 1298 6.1 51 T 91.4 9.3 10.7 144.4 .033 1601 7.1
19 B 91.4 9.5 8.2 63.7 .030 1393 7.5 52 T 91.4 12.7 10.7 149.3 .025 1433 7.1
20 B 91.4 10.Z 8.2 75.7 .041 1551 6.1 53 T 91.4 9.3 10.5 164.3 .040 2135 7.2
21 B 91.4 11.3 8.2 85.6 .037 1564 7.0 54 T 91.4 10.5 10.5 161.8 .033 1933 7.5
22 B 91.4 11.2 8.0 77.2 .043 1492 5.9 55 T 91.4 9.4 11.2 149.3 1752
23 33IKM 56 B 91.4 10.9 11.1 206.6 .048 2099 5.4
24 B 91.4 10.2 7.8 89.6 .041 1339 8.5 57 B 91.4 9.2 11.0 179.2 .035 2214 7.8
25 T 91.4 11.7 8.0 123.5 .070 2285 5.5 58 B 91.4 12.7 11.1 241.4 .041 2019 6.326 PMORDER MAIAMVIUO 59 B 91.4 9.0 11.0 164.3 .037 2078 7.0
27 T 91.4 10.6 7.8 124.5 .076 2687 6.1 60 T 91.4 11.5 10.8 206.6 2124
28 B 91.4 12.0 8.1 59.7 .025 1076 6.9 61 T 91.4 9.3 10.7 161.8 ZW 2032 5.429 T' 81.3 11.0 7.9 117.0 2120 62 BO

63 T` 91.4 11.3 10.5 159.3 .030 1772 7.5
Ave: ST - 2208 t276; Ave. SB - 1388 t171 64 T 91.4 11.7 10.5 159.3 .035 1713 6.3
Ave. ET - 6.0 tO.5; Ave. EB - 6.9 t9.9 65 T` 101.6 11.4 10.1 122.0 .033 1620 8.0

66 B 101.6 11.4 10.0 191.7 .061 2.581 7.1

Ave. ST - 1815 *225; Ave. SB - 2028 *307
Ave. HT- 7.0 *0.8; Ave. EB - 7.3 t1.1

June 9, 1983 (-59C) Catilever - Unseeded
June 7, 1983 (-5VC) Cantilever - Utetded

BEAM L(ae) u(cm) h(sm) P(kg) d(am) S(kPa) EQ(a) B1M5 L(am) u(m) b(cs) P(kg) d(cm) S(kPc) E(GPa)

67 bM 105.0 13.5 11.8 33.4 .143 1096 4.8
30 T "YIVE LAD CELL 68 Tin 98.5 13.6 11.5 39.1 .159 1258 4.631 T " .. 69 lm 99.0 13.8 11.4 35.8 1165
32 B 105.5 11.2 9.9 15.5 .118 877 5.6 70 lB 91.0 11.7 11.0 34.3 .197 1309 3.3"33 B 106.0 11.6 10.0 19.4 .143 1031 5.6 71 His 107.0 13.0 10.5 29.3 .184 1287 5.1
34 • 99.5 13.1 10.2 30.3 .178 1299 4.7 72 Do 96.5 10.7 10.4 24.3 .172 1198 4.2
35 Be 91.0 11.7 10.4 27.4 .178 1159 3.5 73 Ts 106.0 10.9 10.4 21.5 .152 1145 5.4
36 lB 101.5 14.0 10.4 34.5 .207 1360 4.4 74 T 106.0 11.3 10.2 16.7 .127 885 5.1
37 1m 99.0 10.9 10.5 22.7 .149 1099 4.6 75 T 98.0 12.1 9.9 17.6 .140 857 4.0
38 T 96.5 12.6 10.5 rEFWrIVE LOAD CUL
39 T 100.5 12.2 10.3 " " "

40 T 103.0 12.7 10.2 tdifted - Ave. Sr 1166 * 83; Ave. SB - 1240 * 69
41 T 99.0 13.0 10.4 ,, ,, Ave. Fir - 4.9 tO.4; Ave. ! - 4.2 *0.9
42 T 102.0 13.4 10.2 " -"
43 T 94.0 10.0 10.3 ,, ,, ,, tnidifed -Ave. T- 871 *t20U. Ave. F'q - 4.6 *0.8

ltdified - Ave. SB - 1229 *121
Ave. E4 - 4.3 *0.5

LUndifi•ed - Ave. SB - 954 *109
Ave.EB - 5.6

a - modified, 5 m. radii at butt and m - modified, 10 am. radii at butt and
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SHIN 7

JUly 11, 1983 (-5*C) Cantilever July 14. 1983 (-10"C) Isothermal Simple Support
BEM L(am) w(am) h(an) P(kg) d(a-) S(kPa) E(GW) BUM L(an) v(as) h(am) P(kg) d(m) S(kc•) Gl.( )

1 To 113.0 13.3 9.6 27.2 14752 Im 120.0 15.0 9.6 18.0 919 39 T 101.6 12.4 8.5 179.2 .090 3069 6.73 Tm 118.5 15.0 9.6 22.7 1144 40 T 101.6 12.5 8.5 119.5 .058 2058 6.94 Im 117.0 14.0 9.6 25.1 1338 41 T 101.6 11.3 9.0 139.4 .067 2352 6.55 MR 118.0 14.0 9.6 20.8 1119 42 T 101.6 11.2 9.2 149.3 .070 2428 6.66 Ma 118.0 14.0 9.6 23.6 1269 43 B 101.6 10.7 8.3 74.7 15977 It 118.0 15.0 9.6 26.0 1311 44 T 101.6 11.0 8.5 119.5 .080 2328 5.7
8 T 107.0 11.0 8.4 9.5 770 45 B 101.6 11.5 8.6 72.2 .045 1349 5.69 T 107.5 11.4 8.4 9.0 707 46 B 101.6 11.2 8.8 94.6 .048 1708 6.610 T 108.5 9.8 8.5 13.7 1234 47 B 101.6 11.1 8.9 82.1 .038 1473 7.111 B 107.5 11.2 8.7 9.9 738 48 B 101.6 10.8 8.6 84.6 .048 1663 6.6
12 B 108.0 10.7 8.8 10.9 835 49 B 101.6 10.5 8.6 89.6 .048 1804 7.213 5 108.0 11.3 9.0 11.8 819 30 T 101.6 11.5 8.4 124.4 237314 B 108.0 11.0 9.1 12.3 85O 51 T 101.6 11.4 8.2 122.0 .074 2462 6.7
15 Bm 111.0 14.0 9.2 18.9 1041 52 T 101.6 10.6 8.0 92.1 .048 2115 9.116 km 106.5 11.4 9.2 10.9 707 53 T 101.6 12.9 9.2 159.3 .064 2255 6.417 BM 108.5 12.7 9.2 16.5 979 54 T 101.6 10.7 9.3 107.1 .051 1803 6.3
18 BM 107.0 11.3 8.8 13.7 985 55 B 101.6 12.2 9.2 94.6 .036 1444 6.719 am 112.0 14.3 8.3 10.4 695 56 B 101.6 10.4 9.0 84.6 .038 1577 7.6
20 Bm 111.0 13.9 8.3 15.1 1029 57 B 101.6 11.8 8.5 87.1 .038 1608 8.121 Sn 108.0 11.6 8.5 9.9 750 58 B 101.6 11.1 8.9 94.6 .042 1605 7.422 Bi 101.0 11.5 8.7 11.3 771 59 T 91.4 11.5 8.8 149.3 .046 2316 7.823 Bm 110.0 12.9 8.5 12.3 854 60 B 71.1 11.7 8.4 129.4 .027 1679 6.1
24 Tm 109.5 11.7 8.5 16.1 1226 61 T 71.1 11.5 8.7 196.6 .038 2400 6.0
25 Ia 105.5 13.0 8.2 14.2 1008
26 To 103.0 12.0 8.0 17.0 1341 Ave. ST - 2329 *299; Ave. S8 - 1598 *132
27 It 107.0 12.4 8.0 14.2 1126 A-. _Er - 6.8 *0.9; Ave. 3B - 6.9 *0.7
28 Tm 109.5 12.2 7.8 12.8 1116

Modified - Ave. ST - 1199 *157
Ave. SB - 868 *142

Unmodified - Ave. sT - 904 *288
Ave. SB - 812 * 52

m - modifiee. 10an. radii at butt end

July 12, 1983 (-5*C) Isothermal Simple Support

BEAM4 L(cm) w(an) h(a.) P(kg) d(am) S(kPa) (GPS )

29 B 101.6 12.7 9.6 109.5 .042 1470 6.0
30 B 101.6 11.5 9.6 117.0 .045 1721 6.6
31 B 101.6 12.6 10.0 117.0 .045 1456 5.3
32 T 101.6 10.5 9.6 171.7 2298
33 T 101.6 11.7 10.0 99.6 .035 1341 6.334 T 101.6 12.2 10.0 164.3 .056 2061 6.2
35 T 101.6 V 9.9 243.9 .060 2725 5.836 T 91.4 "•• 9.3 176.7 .053 2367 6.5
37 T 81.3 01.5 9.6 221.5 25713 T 81.3 11.9 10.1 189.2 10
Ave. -T " 2184 *463; Ave. S - 1549 *149
Ave. F, - 6.2 *0.3; Ave. EB - 6.0 *0.7
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Novmber 7. 1963 (-1 "C) Cntilever Hmmober 8, 1983 (-1 "C) Contilever

BEhH L(am) w(am) h(cm) P(ks) d(cm) S(kPa) E(Gf) BW L(cm) v(cm) h(,,) P(1g) d(am) S(k3&) E(GLa)

1 T 105.0 9.4 10.4 10.1 .092 612 4.7 A T 104.5 10.4 8.0 7.3 .102 669 6.0
2 T 105.5 10.1 10.4 12.7 .102 723 5.0 B T 104.0 10.2 8.0 7.3 .114 641 5.4
3 T 106.0 10.6 10.5 13.5 .102 720 5.0 C T 104.0 9.4 8.0 7.3 .117 736 5.7
4 T 106.0 10.1 10.5 12.3 .102 690 4.8 D T 103.5 10.4 8.1 8.4 .127 747 5.2
5 B 105.5 10.6 10.5 12.6 .099 666 5.0 9 T 105.0 10.1 8.2 8.4 .127 761 5.4
6 B 104.5 10.1 10.6 14.4 .122 782 4.4 F B 104.5 10.2 8.3 7.8 .120 685 5.0
7 8 104.5 10.1 10.8 16.3 .137 852 4.2 0 B 105.5 10.4 8.6 8.4 .124 675 4.7
8 B 104.5 10.2 10.6 12.4 .099 663 4.6 H B 105.0 10.1 8.7 8.8 .124 709 4.8
9 B 105.0 10.2 10.8 15.6 .127 810 4.3 1 B 105.0 10.0 8.9 11.4 .152 891 4.8

10 B J1 6 106.0 10.3 8.9 9.9 .143 756 4.5
11 Bi 105.0 10.5 10.5 18.1 .111 965 3.5 K Bm 92.0 10.4 9.3 15.5 .225 931 2.5
12 Be 111.0 14.0 10.5 12.4 523 L Bm 106.0 11.1 9.0 14.8 .210 1023 4.1
13 Bf 100.0 11.5 10.4 20.4 .218 966 2.8 M Bm 109.5 13.5 8.9 12.9 .203 775 3.4
14 B, 110.0 13.3 10.1 19.1 .226 905 3.2 N H. 104.5 12.6 8.5 13.4 .213 902 3.6
15 bm 110.0 12.6 10.0 13.3 684 0 MR 106.0 11.2 8.4 13.9 .264 1097 3.7
16 TD 105.0 11.5 9.9 18.1 .229 988 3.2 P To 112.0 14.0 8.3 13.9 .251 950 3.8
17 'T 105.0 10.1 9.6 13.8 .213 913 3.3 T Ah 110.0 11.8 8.3 11.1 .210 881 4.1
18 To 105.0 12.5 9.3 13.5 .203 771 3.0 R Th 109.5 12.8 8.1 11.1 .254 1038 3.3
19 Tm 105.0 11.7 9.2 13.7 .196 853 3.5 S Ma 111.0 13.5 8.1 14.3 .279 1054 3.8
20 a. 106.0 10.8 9.0 13.8 .232 981 3.5 T Th 111.0 13.6 8.0 13.7 .260 1029 4.1
21 Bm 113.0 15.5 8.4 13.7 .248 833 3.4 U

V BRUE
Unmodified - AVe. S• - 686 * 52; Ave. SB - 754 86 W 'Di 107.5 11.7 7.2 22.0 1032

Ave. ET - 4.9 *0. 2; AV*. EB - 4.5 *0.3
ULndified - Ave. ST - 711 * 53; Ave. SB - 743 * 88

odifed - Ave. ST - 881 * 92; Ave. 5 B 8 3 6 *173 Ave. r - 5.5 *0.3; Ave. SB - 4.8 t0. 2

Ave. r - 3.2 *0.3; Ave. EB - 3.3 *0.2

m - moddified. 10cm. radii at but• end Modified - Ave. ST - 1012 * 72; Ave. SB - 906 *102
Ave. DO - 3.8 *0.3; Ave. EB - 3.4 *0.7

a - Ibdified. 10cm radii at butt end

t40fbetr 8, 1983 (-1"C) Isothermal Simple Support HIwber 9, 1983 (-1"C) Isothermal Simple Support

BEAM L(am) w(au) h(am) P(kg) d(,.) S(kPa) E(GPa) BEAM L(cm) w(cm) h(cm) P(ka) d(cm) S(kPa) K(G(P)

I T 101.6 10.5 10.5 126.9 1624 A T 101.6 9.8 8.1 52.3 .035 1253 7.4
2 T 101.6 10.0 10.7 124.5 .032 1305 8.2 B T 101.6 9.9 8.0 58.7 .038 1458 7.8
3 BROKEN C T 101.6 9.8 8.0 61.7 .048 1557 6.6
4 H 101.6 10.0 10.4 72.2 .024 1034 6.9 D T 101.6 10.2 8.1 60.8 .044 1415 6.6
5 B 101.6 10.7 10.5 67.2 917 E T 101.6 10.2 8.3 66.7 .038 1501 7.7
6 B 101.6 9.9 101.5 66.7 .034 979 4.4 F h 101.6 9.9 8.5 42.8 .030 976 6.0
7 8 0 B 101.6 10.3 8.8 62.7 .032 1254 7.2
8 T 101.6 9.8 10.7 149.4 .064 2053 5.0 H B 101.6 9.7 9.0 51.8 .025 1061 7.5
9 T 101.6 10.2 10.7 156.8 '657 1 B 101.6 9.7 9.1 49.8 .025 1002 7.0

10 B J B 101.6 10.3 9.1 52.8 10l1
11 B K B 91.4 10.1 9.6 67.2 1029 +
12 B 101.6 10.6 10.5 82.1 .025 1075 6.9 L BROKEN
13 B 91.4 11.4 10.2 77.2 .024 930 M B 101.6 10.3 9.5 64.7 .027 1113 7.0
14 T 101.6 11.2 10.1 109.5 .041 1501 6.0 N B 101.6 11.9 8.8 66.7 .029 1160 7.3
15 T 101.6 11.5 10.0 102.1 .041 1395 5.6 0 T 101.6 10.5 8.8 69.7 .029 1321 8.6
16 B 101.6 11.6 9,9 74.7 .025 1055 6.8 P T 101.6 10.2 8.9 69.7 .049 1367 5.1
17 B 101.6 10.5 9.7 59.7 .022 969 7.3 Q T 101.6 10.4 8.9 74.7 .045 1432 5.8
18 T 101.6 11.2 9.6 94.6 .024 1442 10.2 R T 101.6 10.6 8.6 67.7 .048 1243 5.4
19 T 101.6 11.2 9.3 99.5 .051 1610 5.6 S
20 B 101.6 10.8 9.2 69.7 .027 1214 7.9 T
21 B 101.6 11.1 8.5 69.7 .035 1316 7.5 U B 101.6 11.3 8.4 51.8 .02 1053 8.3

V B 101.6 10.6 8.2 47.8 .029 1067 7.3
Ave. ST - 1573 *229; Ave. SB - 1054 *133 W h 101.6 9.6 7.5 39.8 .035 1195 7.2
Ave. Or - 6.8 *2.0; Ave. EB - 6.8 *1.1

Ave. ST - 1394 *108; Ave. SB - 1099 * 91
Ave. ET - 6.8 *1.2; Ave. EB - 7.2 *0.6

+ Off center break exceeding loom.
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A facsimile catalog card in Library of Congress MARC format is repro-
duced below.

Gow, Anthony J.
Temperature and structure dependence of the flexural strength and modu-

lus of freshwater model ice / Anthony J. Gow, Herbert T. Ueda, John W.
Govoni and John Kalafut. Hanover, N.H.: U.S. Aimy Cold Regions Re-
search and Engineering Laboratory; Springfield, Va.: available from Na-
tional Technical Information Service, 1988.

vi, 52 p., MluG.; 28 cm. (CRREL Report 88-6.)
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